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Abstract 
 This thesis discusses the Helicon Injected Inertial Plasma Electrostatic Rocket (HIIPER), 
a space propulsion concept consisting of a helicon source for plasma generation and an ion 
extraction method using a nested pair of inertial electrostatic confinement (IEC) grids that are 
asymmetrically designed.  In this study, which used argon as a propellant, a retarding potential 
analyzer (RPA) was used to measure the exhaust of HIIPER, and results showed the presence of 
electrons and ions, with ion energies equal to the helicon bias voltage and electron energies on the 
order of the inner IEC grid voltage. Electron energy distributions were also generated.  
Quasineutral exhaust conditions were measured to occur with the inner IEC grid between 2 and 3 
kV (negative).  Tests on the IEC grid configuration were also performed, which indicated that 
electrons preferentially exited the asymmetry of the inner IEC grid.  Langmuir probe 
measurements showed that some ion losses occurred due to the experimental setup.  These losses 
were reflected in thrust measurements at the exhaust of only a few micronewtons.  However, with 
improvements to the facilities and experimental setup, improvements in thruster efficiency would 
likely be obtained.  While additional analysis would be required to fully characterize HIIPER, the 
results thus far show promising quasineutral behavior and demonstrate an innovative cathode 
design for electric propulsion applications.  
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Chapter 1 Introduction 
1.1 Introductory material 
1.1.1 Main idea 
This thesis discusses and provides an initial experimental evaluation of the Helicon 
Injected Inertial Plasma Electrostatic Rocket (HIIPER), an electric propulsion thruster.  The 
operation of HIIPER is similar to that of an ion thruster in that a plasma is generated and a grid 
system is used to extract the resulting ions.  The extraction of these ions produces a thrust force, 
propelling a spacecraft to move.  To briefly describe HIIPER, a plasma is first generated using 
argon gas and a helicon source (which allows for creation of a high-density plasma for a given 
input power), and then these ions are extracted using spherical metal grids from inertial 
electrostatic confinement (IEC) theory.  Additionally, the IEC grids generate a high energy 
electron beam, resulting in the exhaust containing ions and electrons, therefore being partially 
neutralized.  (A neutral exhaust is important so that the spacecraft does not become negatively 
charged and therefore also attract the exhausted ions.)  An overall conceptual diagram of HIIPER 
and a picture of the experimental IEC grids are shown in Figure 1.  A more thorough description 
of HIIPER’s operation is discussed in this thesis. 
  
Figure 1. Left: HIIPER conceptual diagram.  Right: IEC grids at exit of helicon stage. 
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1.1.2 Thesis outline 
The thesis outline is as follows: 
• Ch. 1: Ion thruster basics and helicon thruster history 
• Ch. 2: Background information on IEC theory and helicon theory 
• Ch. 4: Facility description and probe descriptions 
• Ch. 3: HIIPER discussion 
• Ch. 5: Experimental results 
• Ch. 6: COMSOL simulations 
• Ch. 7: Analysis and proposed improvements 
• Ch. 8: Conclusions and future work 
1.2 The ion thruster [1] 
Electric propulsion is comprised of various space propulsion technologies in which a thrust 
force is generated, enabling a spacecraft to move.  In contrast to large rockets that use a high 
amount of thrust to lift cargo from Earth to orbit (on the order of thousands of Newtons [N] of 
force), electric propulsion methods use a much smaller thrust (on the order of thousandths of N of 
force).  An electric propulsion system’s relatively low thrust is offset by a relatively high specific 
impulse (Isp), defined as the thrust per rate of propellant consumption, which is usually 10 to 100 
times greater than that of a conventional rocket engine.    
There are various types of electric propulsion methods.  One that has been studied 
extensively and has flight heritage is the ion thruster.  In a typical ion thruster, plasma is generated 
in a discharge chamber, and the resulting ions are electrostatically extracted and accelerated by a 
series of grids, producing a thrust.  Figure 2 shows a typical DC discharge ion thruster cross 
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section.  In this thruster, a propellant gas such as xenon is injected into an anode potential discharge 
chamber, where it is ionized by collisions with electrons that are provided by a hollow cathode. 
 
Figure 2. Generic DC discharge ion thruster cross section, adapted from [1]. 
Instead of a DC discharge, plasma can also be generated using electromagnetic fields.  This 
type of thruster is called an RF (radiofrequency) thruster, where a time-varying magnetic field 
generated by an RF-biased antenna coil creates a time-varying electric field, resulting in heated 
electrons, which in turn ionize neutral gas particles to create a plasma.  The advantage of an RF 
thruster over a DC discharge thruster is that the discharge chamber’s hollow cathode is eliminated, 
reducing overall system complexity.  Additionally, an RF thruster’s antenna does not need to be 
in direct contact with the plasma, which is a benefit for its lifetime. 
After the plasma generation stage (regardless of whichever method is used), the ions are 
accelerated through a grid system.  These grids are typically metallic and consist of multiple 
circular apertures where ions pass through.  The main goals of the grid system are to maximize the 
number of ions that are extracted and accelerated.  The grid system must also minimize beam 
electrons backstreaming into the discharge chamber, which can cause heating issues.  Additionally, 
it is important for grid erosion to be as minimal as possible. 
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The extracting and accelerating is done by a negatively biased grid called the accel grid 
(i.e., accelerating grid).  The accel grid experiences erosion, as ions that miss passing through the 
apertures end up hitting the grid, which results in a decreased grid lifetime.  To decrease the 
probability of this happening, a second grid called the screen grid is set upstream of the accel grid.  
The screen grid is usually either left electrically floating or is biased to the potential of the 
discharge cathode (in a DC discharge ion thruster).  The result is that instead of the accel grid being 
hit by fast moving ions, the screen grid is hit by relatively slow-moving ions, and thus minimal 
sputtering occurs.  A third grid called the decel grid (i.e., decelerating grid) is sometimes used 
downstream of the accel grid, and it functions by preventing slow moving ions produced 
downstream from back-flowing, hitting, and thus eroding the accel grid.  A diagram of the various 
grids and their corresponding potentials are shown in Figure 3. 
 
Figure 3. Ion thruster conceptual design with corresponding potential plot, adapted from [1]. 
1.3 Helicon thruster history 
A helicon plasma source generates high density plasma of ~1011-1014 cm-3, depending on the 
experimental parameters.  Theory on the helicon source is discussed in Section 2.2, but very 
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generally a helicon source can be described as a tube of several cm diameter with an antenna 
specially wrapped around it and annular electromagnets surrounding the entire setup.  RF power 
is fed into the antenna, and gas inside the tube is ionized.  Helicons have been studied as thrusters 
by themselves, as thrusters using ion thruster grids, and as components of larger thruster systems.  
Experiment descriptions and results from recent relevant studies are provided below. 
Research has been ongoing over the past few decades on a helicon thruster design that 
accelerates ions through the formation of a double layer (DL).  A DL is a localized region in a 
plasma where the electric potential drops significantly over a small region, resulting in the 
acceleration of ions through the electric field [2].  The Helicon Double Layer Thruster (HDLT) is 
such a helicon thruster where a double layer has been measured in studies at the Australia National 
University (ANU) by Charles [3].  There are two main benefits of this type of thruster that set it 
apart from an ion or Hall thruster.  First, there are no electrodes that are exposed to plasma, which 
indicates that lifetime issues are minimal.  Second, ions and electrons are ejected equally, which 
means that no beam neutralizer is needed.  The HDLT consists of a 15 cm diameter Pyrex source 
tube with an antenna wrapped around it, surrounded by two solenoids.  Results from testing the 
HDLT indicate the formation of a double layer for 100 W of RF power and a magnetic field of 
138 G [4].  Other values were tested as well: Plasma density was measured against RF power, and 
a jump in density was observed at slightly over 600 W, suggesting helicon mode operation.  Thrust 
was observed to be well under 1 mN, indicating low performance [5]. 
Helicon thruster research of a similar double layer design has also been conducted by 
Takahashi at Tohoku University, Japan.  Thrust measurements have been obtained by varying RF 
power, applied magnetic field, mass flow rate, and helicon antenna shape, with thrust values in the 
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range of several mN, indicating low efficiency [6] [7] [8].  In addition to these typical parameter 
variations, other aspects of helicon thrusters were tested by Takahashi:  
- An array of permanent magnets (rather than solenoids) was shown to increase thrust 
efficiency for a 2 kW helicon thruster [9].   
- A helicon thruster incorporating a magnetoplasmadynamic thruster design has been tested 
[10]. 
- A mechanical aperture (an annular impedance set up around the inside edge of the helicon 
tube) has been tested, resulting in a lower thrust [11]. 
- The use of a physical nozzle has been shown to increase thruster efficiency by “capturing” 
momentum that was originally lost by the magnetic nozzle [12]. 
- The diameter of the helicon tube has been varied, where a larger diameter has shown an 
increased thrust [13]. 
At the University of Washington, researchers have been pursuing work on a High Power 
Helicon (HPH) [14], which is a 5-50 kW pulsed thruster that operates in the 0.5 to 1 MHz 
frequency regime and is capable of a thrust between 1-2 N.  Due to the lower frequency, a relatively 
small magnetic field of 6 to 50 mT has been used, which means that ion detachment from the 
magnetic field lines is possible, i.e., the ion beam is super-Alfvenic.  The use of an HPH has also 
been studied for “beaming” collimated plasma to a remote system (i.e., a satellite), where it would 
provide a thrust force [15].  Most recently, experiments have been conducted using two HPHs 
simultaneously to test the performance of using one thruster vs. two [16].   
Researchers at the University of Michigan have been researching several different helicon 
thruster concepts in recent years.  One current project is the CubeSat Ambipolar Thruster (CAT), 
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which is a small helicon thruster designed for 10-50 W of power and a maximum permanent 
magnetic field of 800 G [17].  This thruster is predicted to have an operating thrust of 1 mN and 
an efficiency of 20%.  It was modeled after a similar thruster, the Helicon Plasma Hydrazine 
combined micro, or HPH.com, a European project that has similar operating parameters and a 
measured thrust of 0.2 mN [18].  In the CAT, gas is ionized in a quartz tube shaped like a bottle, 
and the resulting plasma is accelerated out with a magnetic nozzle.  A version of the thruster is 
currently under development by Phase Four, Inc [19]. 
There have also been recent large helicon experiments in recent years at Michigan.  In 
2013, Shabshelowitz published results from testing an RF Plasma Thruster (RPT) that although 
was not explicitly called a helicon thruster, was shown to indicate the presence of helicon wave 
mode [20].  RF power up to 2 kW at a fixed frequency of 13.56 MHz and magnetic field of 810 G 
was tested.  Results showed a maximum thrust of 10.8 mN and a thrust efficiency of less than 1%, 
with reasons for inefficiency being poor propellant utilization and large beam divergence.  Aside 
from the RPT, recent work has also been done on a Helicon Hall Thruster (HHT) that uses a helicon 
plasma generation first stage [21].  Results indicated that thrust increased slightly using this two-
stage operation, however the gains did not outweigh the extra RF power needed. 
Researchers at Georgia Tech also have a substantial history of helicon thruster research.  
Similar to Michigan, research has been conducted on an annular helicon source to mate with a Hall 
thruster [22].  Most importantly, work has been done to characterize a helicon thruster vs. one that 
uses a grid setup similar to an ion thruster.  For the gridless version, the ranges of values tested 
were RF power from 215-840 W, frequencies of 11.9 and 13.56 MHz, and magnetic fields of 150-
450 G [23].  It should be noted that for some of these results (i.e., the lower power values), helicon 
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mode may not have been achieved, and instead the device was run at the inductively coupled mode, 
which results in a less dense plasma compared to that of helicon mode.  For this thruster, a 
maximum thrust of 6.3 mN was measured along with a thrust efficiency of less than 1.4%.  The 
primary conclusion from this gridless study was that the resulting beam voltage was too small for 
the conditions used and that an acceleration stage would be needed.   
To examine this problem, an ion thruster grid setup was implemented [24].  For the gridded 
version, the ranges of values tested were RF power from 343-600 W, a frequency of 13.56 MHz, 
and magnetic fields of 50-250 G.  Similar to the gridless version, helicon mode operation was not 
“conclusively confirmed.”  Additionally, an anode plate was set up at the upstream end of the 
helicon, and this plate was biased to voltages in the range of 100-600 V.  This allowed for biasing 
the plasma potential, which gave the exiting ions a higher energy.  Additionally, as ions left the 
discharge chamber, electrons remaining in the chamber were collected by the anode and then used 
for the beam-neutralizing cathode at the exit of the thruster.  Overall, having a higher bias voltage 
on the plate resulted in a higher beam current and a smaller beam divergence, with beam half-
angles reported decreasing from 80° to as low as 60° as bias voltage was increased.  It should also 
be noted that the operating pressure for both of these experiments was in the low 10-5 Torr range, 
which is more representative of a space environment than the ANU and Japan results, which were 
in the 10-4 Torr range or higher.  Overall, the maximum thrust measured was 2.77 mN, the 
maximum Isp measured was 188 s, and the efficiency was found to be less than 1%.  Low 
performance was believed to be due to issues involved with ions not being effectively extracted 
through the grid holes, however it was suggested that efforts to optimize the grid design would 
result in better performance.  It should be noted that the work presented here on HIIPER is most 
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similar to that of Georgia Tech, as HIIPER also uses a helicon for plasma generation and a separate 
grid stage for acceleration. 
1.4 Research goal 
The goal of this thesis is to determine the measured capabilities of HIIPER as a space 
propulsion method.  Specifically, the ability of IEC grids to extract and accelerate ions from a 
discharge is studied.  Additionally, information on beam neutralization is presented.  This work 
covers the following main experimental tasks: 
• Analyzing the helicon source performance via a Langmuir probe and Mach probe,  
• Retarding potential analyzer (RPA) measurements at the exhaust of the helicon-
IEC system to determine ion and electron energies, and 
• Thrust measurements using a torsional pendulum.  
Overall, this study details an early stage analysis of HIIPER, laying the groundwork for 
further research and the development of an engineering design of this system. 
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Chapter 2 Background 
2.1 Inertial electrostatic confinement 
Inertial electrostatic confinement (IEC) is an ion confinement method originally developed 
for fusion purposes.  A discussion of IEC theory is provided below, using [25] as a main reference 
unless otherwise noted. 
2.1.1 IEC fusion 
A basic setup for IEC fusion experiments consists of a spherical metal grid placed inside a 
spherical grounded vacuum chamber that is filled with a fissionable gas (usually deuterium) at a 
few mTorr of pressure.  This metal grid shape can vary, and it can even be cylindrical in shape, 
but in general it consists of metal wires welded together in a pattern similar to the segments on a 
soccer ball or basketball.  This IEC grid is centered in the vacuum chamber, where it is held in 
place by an electrical feedthrough, also known as a stalk.  The grid is biased to a potential of tens 
of negative kilovolts DC, and the gas inside the chamber breaks down into a plasma due to the 
potential difference between the IEC grid and grounded chamber wall.  A diagram of the basic 
setup and a typical IEC grid in operation are shown in Figure 4. 
  
Figure 4. Left: Basic IEC configuration.  Right: IEC grid in operation [25]. 
~Tens of -kV 
Grounded vacuum 
chamber filled 
with gas at a 
pressure of a few 
mTorr 
IEC grid 
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It should be noted that in addition to fusion energy research, the IEC device has been used 
commercially as a neutron generation source for neutron activation analysis [26].  Also, there are 
multiple variations of the IEC experiment, such as using three nested IEC grids and RF power 
instead of DC.  Furthermore, there are several related fusion concepts that operate similarly to IEC, 
including polywells and Penning traps [27] [28]. 
In IEC, the plasma is formed by Paschen breakdown, which means that breakdown occurs 
as a function of p*d, where p is the pressure inside the chamber, and d is the distance between the 
cathodic grid and the anodic grounded chamber walls.  This also implies that the background gas 
is ionized in the region between the IEC grid and vacuum chamber wall.  Once a plasma is formed, 
the resulting positive ions are drawn to the center of the negative IEC grid.  The ions can then 
either collide with other ions; collide with background neutrals; collide with the IEC grid; or not 
collide and therefore pass through the IEC grid to the opposite side of the chamber.  These ions 
that pass through the IEC grid decelerate until reaching a position with equal electric potential as 
their starting position, at which point they are drawn back to the IEC grid.  Therefore, these ions 
oscillate back and forth through the IEC grid until they collide.  In the center of an IEC grid, a core 
of plasma exists, where trapped ions and electrons are present in alternating shells.  
Ions that hit the IEC grid do so at very high speeds due to the large negative potential on 
the grid.  One effect is called sputtering, where atoms of the grid are “knocked off” by ion impacts.  
This can result in the grid metal uniformly coating the insides of the vacuum chamber and any 
other exposed surfaces.  Additionally, the grid itself is worn down over time, gradually becoming 
thinner as more material is sputtered.  Sputtering can cause issues during testing, as sputtered metal 
can coat the insides of diagnostics, resulting in shorted connections. 
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Another effect of ions hitting the IEC grid is secondary electron emission, i.e., electrons 
are “knocked off” the grid due to the inelastic impact of ions.  The number of electrons emitted 
depends on several parameters, including the speed of the incident ion, the type of ion, and the 
material of the grid.  The power supply supplying the voltage to the IEC grid, usually a DC supply, 
is in current mode operation (i.e., supplying a constant current) when the IEC grid is operating at 
glow discharge.  The power supply current corresponds to the ion current on the grid and the 
secondary electron emission current.  For fusion studies, the lower the secondary electron emission 
current, the higher the fusion rate.  Therefore, materials with low secondary electron emission 
properties are desired.  It should also be noted that electrons can leave the grid via thermionic 
emission, which occurs when the IEC grid gets hot due to grid-ion impacts. 
To generate a plasma, a sufficient pressure of neutral gas is needed inside the vacuum 
chamber.  This results in a shorter mean free path for ion-neutral fusion collisions compared to 
ion-ion fusion collisions.  Some of these ion-neutral collisions result in non-fusion charge 
exchange, where an electron from a slow-moving neutral is transferred to the ion, resulting in a 
fast-moving neutral and a slow-moving ion.  Scattering collisions also occur.  For break-even 
conditions (i.e., when the fusion reactions are self-sustaining), charge exchange collisions, 
scattering collisions, and collisions with the grid have to be minimized.  For this to happen, the 
background gas of the chamber has to be minimized.  This requires plasma generation and 
therefore ion injection by separate means, such as helicon sources and ion guns. 
2.1.2 Types of discharges 
In an IEC discharge, there are several different types of behavior visible depending on 
experimental parameters.  These different modes have been identified and are described below in 
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Table 1.  The “star” mode is the most typical configuration used in IEC fusion experiments, where 
microchannels that have been measured to mostly consist of ion beams can be seen passing through 
the IEC grid holes.  The “central spot” mode is similar to the “star” mode, however it is formed 
when grid wires are not open enough to permit the ion beams to form.  The “halo” mode occurs 
when the IEC grid is asymmetric, with one of the grid holes larger than the rest.  The resulting 
plasma that forms out of this grid hole has been measured to be non-neutral and mostly consist of 
electrons.  In this configuration, depending on the pressure inside the chamber, the plasma can be 
either a “halo” at high pressures, or it can be a pencil-like beam at lower pressures, though too low 
of a pressure results in the plasma extinguishing.  It is this mode that is most relevant to this thesis. 
Table 1. IEC operating modes [25]. 
Mode name Condition Appearance 
“Star” Low chamber pressures (<10 mTorr) 
and high voltages (>30 kV), with 
carefully made spherical grid. 
 
“Central spot” IEC grid holes smaller than “star” 
mode. 
 
“Halo” One of the grid holes is larger than 
the others. 
 
 
 At the University of Illinois, a study of the “halo” mode in low pressure was conducted 
recently by Ulmen [29] [30].  In particular, this low pressure “halo” mode was called “jet” mode 
due to the jet-like appearance of the electron-dominated plasma forming out of the IEC grid 
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asymmetry (see Figure 5).   Several instruments were used to measure the structure of the jet 
formed by the IEC grid’s asymmetry.  A Faraday cup was placed downstream of the plasma jet, 
which measured an electron-dominated beam being emitted from the asymmetry.  A retarding 
potential analyzer (RPA) was also placed downstream of the jet, however metal from the IEC grid 
coated the inside of the RPA, and ion energy measurements could not be performed.  Electron 
energy results indicated electrons at several keV energy in the beam, corresponding to the potential 
of the IEC grid.  Computational studies on extracting ions from the inner core of the IEC grid were 
also performed using the software COMSOL [31].  These studies indicated that ions could be 
extracted using separate cylindrical grids downstream of the IEC grid. 
 
Figure 5. Asymmetric IEC grid creating a plasma jet [32]. 
More recently at the University of Illinois, a cylindrical extractor grid was created and 
placed downstream of the IEC grid operating at glow discharge mode [32].  Using the Faraday 
cup, the resulting current was measured to determine whether the extractor grid resulted in an ion 
exhaust from the asymmetry in glow discharge mode.  During testing, a pressure dependence on 
the current was observed, which made it difficult to determine whether ions were actually being 
extracted or whether ions were forming inside the extractor grid itself, similar to ion formation in 
the IEC grid.  These experiments resulted in the next phase of testing: using the IEC grid system 
with the helicon source, eliminating pressure dependences on performance.  The IEC grid system 
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was then moved to a position immediately at the exit of the helicon source rather than the center 
of the vacuum chamber.  A circular metal plate to measure the exhaust current was placed a 
distance away from the exhaust, and preliminary results were obtained on the current when varying 
IEC grid voltage.   
2.2 Helicon plasmas 
An overview of helicon plasma is provided in the following sections. 
2.2.1 Helicon theory 
Helicon plasmas form as the result of electromagnetic waves ionizing a gas.  A helicon 
wave is a type of whistler wave, which is a right-handed circularly polarized electromagnetic wave 
[33].  In contrast to a whistler wave, a helicon wave has a lower frequency (much less than electron 
cyclotron frequency and much greater than lower hybrid frequency [33]) and is formed inside a 
bounded cylinder [34], which has an antenna wrapped around it.  (In this context, “antenna” refers 
simply to a thick metal wire, such as copper grounding strap, to which an RF power supply setup 
is attached.)  A series of electromagnets surround the tube to provide an axial magnetic field, and 
a gas such as argon is injected in the tube at a few mTorr of pressure.  The operation of the device 
results in a relatively high density plasma (for an input power of a few hundred W) of ~1011-1014 
cm-3.   
The main parameters that affect the density of the plasma include the helicon tube radius, 
the RF power, and the magnetic field.  Chen derived one such relation that illustrates this [34] and 
is as follows.  First, it is necessary to define plasma frequency ωp as  
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𝜔𝑝 = (
𝑛𝑒2
𝜀0𝑚
)
1/2
 
(2.1) 
where n is the plasma density, e is the electron charge, ε0 is the permittivity of free space, and m 
is the electron mass.  In general, ωp is used to describe the oscillation of electrons.  The next term 
needed to be defined is the electron cyclotron frequency ωc which is given as 
 
𝜔𝑐 =
𝑒𝐵
𝑚
 
(2.2) 
where B is the magnetic field magnitude.  In general, ωc defines the frequency at which an electron 
rotates around a magnetic field line.  With these terms defined, the wave dispersion equation for a 
whistler wave is given as 
 𝑐2𝑘2
𝜔2
= 1 −
𝜔𝑝
2
𝜔(𝜔 − 𝜔𝑐cos𝜃)
 
(2.3) 
where ω is the angular frequency, k is the wave number, c is the speed of light, and θ is the angle 
between the wave number vector k and the magnetic field vector B.  When applying this equation 
for a helicon wave, it can be assumed that angular frequency is low enough such that the ω2 term 
in the denominator is negligible, and the “1” term on the right-hand side can be ignored, as it 
represents the displacement current.  This results in the equation 
 𝑐2𝑘2
𝜔2
=
𝜔𝑝
2
𝜔𝜔𝑐cos𝜃
 
(2.4) 
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Further analysis using Bessel functions (done by Chen in [33]) yields an expression of n*a/B = 
constant, where a is the cylinder radius.  This shows how the density can scale with regard to 
magnetic field value and cylinder radius.  Regarding RF power, for a given magnetic field, a 
minimum RF power is required to excite helicon waves [35].  A higher RF power results in a 
higher degree of ionization (discussed later).  The RF frequency has somewhat of a role in 
ionization ability [36], however it usually is kept constant, often at 13.56 MHz.  The pressure of 
the neutral gas inside the helicon tube also is somewhat important in generating a helicon plasma, 
as Kim showed a minimum pressure of a few mTorr is needed [35]. 
 The shape of the antenna is important for helicon behavior.  Certain shapes are favorable 
as they preferentially excite a certain wave mode number (denoted by “m”).  Two antennas (called 
“twisted Nagoya-III”-type antennas) are shown in Figure 6.  The top antenna design is twisted to 
excite the m = +1 mode, whereas the bottom design excites the m = -1 mode.  In contrast, a single-
loop antenna that is symmetric preferentially excites the m = 0 mode [37].  The m = +1 antenna 
has been observed to be more efficient in producing plasma [38].  To better illustrate the 
differences between helicon antennas, Figure 7 shows the electric field cross section of two 
different antenna types. 
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Figure 6.  Two helicon antenna designs, adapted from [39]. Top: Right helical design. Bottom: Left helical 
design. 
 
Figure 7.  Left: Electric field in m = 0 helicon. Right: Electric field in m = +1 helicon [33]. 
 It should also be noted that simply setting up a helicon device (i.e., a quartz tube wrapped 
with an antenna powered by an RF power supply, DC electromagnets, and a gas) and running it 
does not necessarily mean that a helicon plasma is being generated.  There are three unique 
“modes” (different from the “m” mode number discussed earlier), each with a respective range of 
plasma densities.  This is illustrated in Figure 8, which shows the basic trend of ion saturation 
current measured by a Langmuir probe vs. RF power being applied in a helicon setup.  In this plot, 
there are three different modes: capacitively coupled mode (E), inductively coupled mode (H), and 
helicon wave mode (W).  The main difference between these modes is the amount of ionization 
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present.  In capacitively coupled mode, ionization events occur near the walls of the discharge 
chamber, and the plasma is weakly ionized.  As power is increased, large electric fields occur in 
the center of the discharge chamber, resulting in more ionization.  As power is increased further, 
helicon waves occur, resulting in the most ionization [40].  It should also be noted that in addition 
to these modes occurring at different RF power levels [41], mode transitions can also be observed 
by changing the external magnetic field [40]. 
 
Figure 8. RF modes as function of power, adapted from [37]. 
2.2.2 Ionization efficiency explanation 
As mentioned earlier, helicon plasmas are denser than expected for their power levels.  
There have been two reasons proposed for this.  At first, it was suspected that Landau damping 
was the cause for this efficient plasma production.  (Briefly, Landau damping refers to the fact that 
if a wave is moving faster than particles, the energy of the wave is transferred to and absorbed by 
the particles [42].  The opposite occurs if particles are moving faster than the wave.) More 
specifically according to Chen [40], typical helicon plasmas have electron temperatures of 2 to 4 
eV.  If a helicon wave grows fast enough, it can achieve a phase velocity that traps and accelerates 
these relatively slow moving electrons, which would contribute to the high ionization. 
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More recently, it has been determined that Landau damping does not sufficiently explain 
the efficient ionization of the helicon source [43].  In the derivations of helicon wave theory, the 
electron mass was assumed to be negligible.  However, this is not the case, and electron collisions 
need to be considered.  This introduces a different electromagnetic wave to explain the helicon’s 
efficient ionization, the Trivelpiece-Gould wave, which occurs at the edge of the helicon tube 
boundary.  Derivations of the Trivelpiece-Gould theory can be found in [44], and experimental 
evidence of Trivelpiece-Gould waves can be found in [43].  These experimental data show good 
agreement with theory and further illustrate that helicon wave operation is observed in the center 
of the helicon tube, with Trivelpiece-Gould waves present on the radial edge.  Furthermore, Curreli 
calculated the power deposition along the radius of a helicon tube, illustrating the respective 
contributions of helicon and Trivelpiece-Gould waves at various conditions [45].   
2.2.3 Degree of ionization and doubly ionized population  
The degree of ionization for a helicon source, that is, the ability of the helicon to ionize 
neutral particles, has been studied for various helicon sources.  Ionization fractions reported from 
various experiments are as follows:  For an argon helicon plasma with 300 W RF power, 750 G 
magnetic field, and 18 mTorr pressure, Keesee reported an ionization fraction of 28% [46].  For 
high power Ar plasma measurements, Denning measured ionization fraction as a function of RF 
power at two different locations in a helicon source, with values of 2% and 6% corresponding to 
RF power of 500 W, and 33% and 75% corresponding to 3 kW [47].  The magnetic field was 1.04 
kG, and pressure was several mTorr.  In a helium helicon plasma, ionization fractions were 
measured to range from 10% to 50%, with higher fractions corresponding to an RF power of 2 kW 
[48].  Regarding the ionization radial profile inside a helicon tube, Magee showed that electron 
density is peaked along the centerline/core, with a corresponding hollow neutral density profile 
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(i.e., more neutrals along the edges) [36].  For the helicon source of HIIPER, G. Chen calculated 
an ionization fraction of 5.6% for an RF power of 300 W [49]. 
For an argon helicon plasma, studies on the amount of singly ionized Ar ions (Ar II) vs. 
the amount of doubly ionized ions (Ar III) have been conducted.  In a study using 3 kW of RF 
power, spectroscopy measurements showed the presence of Ar III lines, however these lines had 
intensities 50 times smaller than those of Ar II lines, and hence the number of Ar III ions was 
assumed to be negligible [50].  Spectroscopy measurements were also taken on another Ar helicon 
plasma, and Ar III lines were similarly measured to be very small relative to Ar I and Ar II lines 
[51].  Additionally, in a separate study for ionization fraction, no Ar III lines were observed [47].  
For the helicon used in HIIPER, if a significant population of Ar III ions existed, these ions would 
affect how various probe currents would be interpreted, i.e., an Ar III ion would result in the same 
current as two Ar II ions.  However, from the research discussed above, it was reasonably assumed 
that any population of doubly ionized Ar ions was negligible.  For a future, more in-depth analysis 
of HIIPER, spectroscopic instruments could be used to validate this assumption. 
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Chapter 3 Experimental setup 
This chapter discusses the experiment setup and the diagnostics used in these experiments. 
3.1 Experimental facilities 
Experiments were performed in the HIIPER Space Propulsion Lab (also known as the 
Fusion Studies Lab) in room 102 of the Nuclear Engineering Laboratory.  Experiments were 
conducted in a 61 cm inner diameter stainless steel vacuum chamber that was originally used for 
IEC fusion experiments.  A section containing a 6-way cross was also attached to the vacuum 
chamber, which was primarily used for supporting the main chamber’s weight.  Additionally, a 
1.5” outer diameter quartz tube was attached to the vacuum chamber, and it was surrounded by 
electromagnets and a Faraday cage.  Though, it was unknown whether the Faraday cage was very 
effective in preventing RF interference.  Pictures of this setup are shown in Figure 9, and a diagram 
of the entire experiment is shown in Figure 10.  Not shown is a Faraday screen room that was 
sometimes used for taking data.   
  
Figure 9. Left: 6-way cross and spherical vacuum chamber.  Right: Vacuum chamber and helicon section. 
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Figure 10. Experiment diagram [52]. 
 There were three pressure gauges in this setup.  A Pirani pressure gauge was attached to 
the upstream end of the helicon tube and read pressures from 1 mTorr to atmosphere.  A Baratron 
pressure gauge was attached to the main vacuum chamber and read pressures from approximately 
2.5*10-5 Torr to 50 mTorr.  An ionization gauge was also connected to the main vacuum chamber 
and read pressures down to 10-8 Torr, though it was not used during testing.  The vacuum chamber 
had two turbopumps, a Varian TV301 (250 L/s N2 pumping speed) attached to the 6-way cross 
section and a Leybold Turbovac 1000C (1100 L/s N2 pumping speed) attached to the main 
chamber, and each was backed by an Alcatel roughing pump.  The roughing pumps brought the 
chamber to a pressure of ~7 mTorr (or a few mTorr lower depending on whether leaky flanges 
were used), and the turbopumps brought the chamber pressure to ~7*10-6 Torr.  The main chamber 
had some leaks that prevented a lower pressure from being achieved.  During testing of HIIPER, 
an argon mass flow rate of 3 sccm (~0.1 mg/s) was used, corresponding to a main chamber pressure 
of ~7*10-5 mTorr.  At 3 sccm, pressure on the upstream end of the helicon tube was read by the 
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Pirani gauge at approximately 6 mTorr. These pressures correspond to molecular flow, with 
neutral-neutral mean free paths of ~8 cm at the upstream end of the helicon tube and ~7 m inside 
the main chamber.  Larger mass flow rates were considered for testing, however this would have 
resulted in significantly higher chamber pressures.  A low chamber pressure was needed to 
accurately simulate the space vacuum environment, and a high chamber pressure would have 
caused charge exchange events and other effects not representative of a space environment (such 
as the IEC grids operating in glow discharge mode). 
 Argon was fed into the upstream end of the helicon tube, where it was ionized by the 
helicon antenna.  Generally, xenon is used for electric propulsion due to its inertness and high 
mass.  However, due to xenon’s high cost, argon, another inert gas more readily available, was 
tested instead.  The helicon antenna was an m = +1 configuration, and it was connected to an 
automatic L-type matching network fed by an RF power supply.  The antenna is shown in Figure 
11.  Heat tape surrounded the quartz tube, preventing the helicon antenna from touching the tube.  
Kapton tape was wrapped around the entire assembly to prevent any arcing from occurring.  The 
length between the two loops of the antenna was approximately 18 cm.  RF power was kept to 300 
W normally, and the setup had a maximum limit of 500 W due to heating issues.  The helicon 
operating frequency was 13.56 MHz.  According to an analysis of this helicon source by G. Chen, 
of the 300 W input power, 82% went to wall losses while only 6% went to Ar ionization [49].  
 
Figure 11.  Helicon tube with antenna wrapped around it.  (End-to-end distance between loops is ~18 cm.) 
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Water-cooled electromagnets surrounded the quartz tube, with a maximum axial magnetic 
field of 1,200 G.  The current running through the electromagnets was previously correlated to 
magnetic field values by Reilly, who used probes to measure the magnetic field along the axis as 
a function of current [53].  Therefore, a magnetic field reported in this work refers to the 
approximate maximum field for a given current.  In reality, while the magnetic field inside the 
helicon tube was an approximately constant value, the magnetic field outside the electromagnets 
was significantly lower, as shown in Figure 12.  The electromagnet setup was approximately 45 
cm in length, and the center of the IEC grid setup was approximately 15 cm away from the end of 
the electromagnet.  Also, the center of the IEC grid setup was roughly 25 cm away from the 
chamber center. 
 
Figure 12. Magnetic field strength along helicon tube axis [53]. 
 Regarding the helicon plasma, in a related study of a gridded helicon ion thruster by 
Williams, the upstream end of the helicon plasma was biased to a positive potential to increase the 
downstream flow velocity [54].  This approach is similar to plasma processing applications where 
an ion source is biased to a positive voltage to increase downstream energy [55].  To accomplish 
similar results in HIIPER, a circular metal meshed grid of approximately 1” ⌀ was placed on the 
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upstream end of the helicon section, immediately before the electromagnets.   This meshed grid is 
shown in Figure 13.  Note that a meshed grid was used instead of a similarly sized metal plate 
because a meshed grid would allow gas to flow through the helicon tube.  Kapton tape was also 
applied on the edges of the meshed grid to prevent the metal from scratching the helicon quartz 
tube during installation.  This meshed grid, called the helicon bias grid, allowed for biasing the 
plasma to a positive voltage up to 180 V; this value was limited by the availability of power 
supplies that create relatively high currents for given voltages.  In these experiments, two DC 
power supplies in series were used for the bias grid: a Kepco JQE (max values of 75 V, 8 A) and 
an Agilent 6655A (max values of 120 V, 4 A).  Current values were typically in the 0.1 to 0.2 A 
range, and these values were read on the Agilent 6655A’s digital readout.  A Keithley 2000 
multimeter was used to measure the total voltage on the bias grid, as the output voltage of the 
Kepco JQE supply was affected by the RF interference from the helicon source.  Also, for thrust 
measurements, a different power supply was used for the bias grid: a Bertan 105-05R high voltage 
DC power supply (max 5 kV and 200 mA).  This second power supply allowed for higher voltages 
on the grid. 
   
Figure 13. Left: Helicon bias grid [52].  Right: Location of bias grid relative to electromagnets. 
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3.2 IEC grid setup 
IEC grids were constructed from nickel wire of 0.8 mm ⌀.  Grid construction involved first 
cutting wire lengths for the desired grid diameter, then using a marker to indicate where wires 
should be connected.  Using a spot welder, these connections were made.  To make an IEC grid 
asymmetric, a symmetric grid was made and then wires were cut to make an asymmetry. 
The grid setup was located inside the main chamber, immediately downstream of the quartz 
tube.  For these experiments, mainly two separate grid configurations were used, shown in Figure 
14.  In both of these setups, the outer grid was left floating and the inner grid was biased very 
negatively.  First, this was done to mimic IEC glow discharge tests, where an outer grid is held to 
an anode potential (or a surrounding spherical vacuum chamber is grounded) and an inner grid is 
biased to a very negative voltage.  In the case of HIIPER, this was done to examine the possibility 
of further ionization in the IEC stage vs. the helicon stage, where the plasma is initially formed.  
The second reason for this setup was to mimic the effect of a screen grid in an ion thruster, where 
the screen grid (the grid immediately upstream of the negatively biased accel grid) is used to 
protect the accel grid from erosion due to high energy ion bombardment. For biasing the inner 
grid, a Glassman EJ15N40 high voltage DC power supply (negative, max values of 15 kV and 40 
mA) was used.  The inner grid was always run in voltage mode, with voltages typically kept to -4 
kV or smaller to avoid generating x-rays. 
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Figure 14. Left: Gridlets.  Right: IEC grids with asymmetric opening facing down. 
The first grid setup consisted of two nested grids, designated as “gridlets,” that have 
somewhat the same shape as a symmetric IEC grid but have fewer wires.  The purpose of these 
gridlets was to allow probes to pass through their centers so as to read upstream conditions inside 
the helicon section.  This setup allowed varying the inner grid potential while using the Langmuir 
and Mach probes to read upstream values.  These gridlets approximately mimicked the effect of 
the potentials on the IEC grids while permitting upstream measurements to be taken. 
The second grid setup consisted of two nested asymmetric IEC grids, with diameters of 7 
cm and 14 cm, respectively.  The larger grid size was chosen to match previous glow discharge 
experiments, and the smaller grid size was chosen to fit inside the larger grid.   Downstream flow 
measurements of this grid system were conducted using the RPA and the torsional thrust balance. 
3.3 Langmuir probe 
Langmuir probes allow for measuring a plasma’s electron temperature Te, plasma density 
(assuming quasineutrality, i.e., plasma density n = electron density ne = ion density ni), and plasma 
potential Vplasma.  Langmuir probe theory is detailed below. 
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3.3.1 Theory of operation 
In general, a Langmuir probe is a biased metal wire placed in a plasma.  The Langmuir 
probe setup used in this study, based on a configuration discussed in [56], is shown in Figure 15.  
The function generator and bipolar operational amplifier are connected to the probe through a 
resistor as shown, where voltages on both ends of the resistor are read, allowing for the calculation 
of current.  The main idea is that the voltage applied with the function generator and bipolar 
operational amplifier, V1, causes a current to be collected by the Langmuir probe tip.  This applied 
voltage is swept over a range, such as -100 V to +100 V.  The voltage on the upstream end of the 
resistor, Vprobe, is then plotted (x-axis) against the current running through the probe, Iprobe (y-axis).  
Using this I-V characteristic, the properties of the plasma can then be determined.   
 
Figure 15. Langmuir probe test setup. 
For HIIPER’s setup, an Agilent 33220A function generator was used to supply a voltage 
sweep of typically -1 V to 1 V at a frequency of 5 Hz.  This signal was then multiplied by 100 with 
a Kepco BOP 1000M bipolar operational amplifier, changing the sweep to -100 V to 100 V.  A 
resistor of varying resistance (5 kΩ for tests inside the helicon, 110 kΩ for tests outside the helicon 
in lower density plasma) was used so that current across the probe could be measured using a 
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Tektronix 3012B oscilloscope.  Additionally, the measurement equipment were enclosed in a 
Faraday room, where shielded wires were also used to block out noise. 
Langmuir probe analysis varies depending on several factors.  These factors involve 
comparing the probe radius, the mean free path for electron-neutral collisions, and the Debye 
length.  The mean free path for electron neutral collisions λ0 is given by  
 
λ0 =
1
𝑛0𝜎
 
(3.1) 
where n0 is the neutral particle density and σ is the electron-neutral collision cross-section.  The 
Debye length λD is given as 
 
𝜆𝐷 = √
𝑘𝑇𝑒𝜀0
𝑛𝑒2
 
(3.2) 
where k is the Boltzmann constant, ε0 is the permittivity of free space, n is the plasma density, and 
e is the charge of an electron.  In general, if the mean free path is smaller than both the probe radius 
and 4 times the Debye length, the plasma is considered collisional.  Otherwise, it is considered 
collisionless.  Additionally, if the probe radius is greater than 4 times the Debye length, the plasma 
sheath that forms around the Langmuir probe tip is considered a thin sheath.  If the probe radius is 
smaller than 4 times the Debye length, the sheath is considered a thick sheath.  Depending on 
whether the conditions are collisionless vs. collisional and thin vs. thick sheath, a certain analysis 
is performed.  It should also be noted that these conditions are not hard limits- there are borderline 
cases that can be considered if the above conditions are barely met [56]. 
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 For HIIPER’s setup, the Langmuir probe tip was made out of tungsten with a diameter of 
0.25 mm.  With a 3 sccm Ar mass flow rate, the chamber pressure was measured to be 
approximately 7*10-5 Torr, with an upstream pressure inside the helicon tube of approximately 6 
mTorr.  Assuming σ = 5*10-19 m2 [56], these conditions corresponded to mean free paths of 87 cm 
and 1.0 cm, respectively.  For the Debye length, assuming representative helicon conditions of Te 
= 5 eV and n = 1018 m-3 [56],  λD = 1.7*10-5 m, which then yields rp/(4*λD) = 7.6.  However, if the 
plasma density was instead slightly lower at n = 1017 m-3, the ratio then becomes 2.4.  Therefore, 
the plasma was considered collisionless with a borderline thin/thick sheath.  This plasma could 
then be analyzed using the somewhat iterative Laframboise method, which is described in [56]. 
 One caveat to the above analysis is that inside a helicon source, Chen found that collisions 
and magnetic field effects do play a role in the behavior of the Langmuir I-V characteristic [57].  
Typically, assuming a plasma with a Maxwellian distribution, the region between the floating 
potential Vfloat (when Vprobe = 0) and the plasma potential Vplasma shows an exponential increase in 
current, where Vplasma is the point on the I-V curve where electron saturation begins to occur (noted 
by a “knee” in the curve).  For a helicon plasma, the knee is more rounded due to collisions, and 
Vplasma occurs at lower than normal voltages due to magnetic field effects.  To analyze a helicon 
plasma, Chen found that an orbital motion limited (OML) analysis, done usually for collisionless 
thick sheath plasmas, was able to accurately analyze helicon plasma [57]. 
 Chen presents Langmuir’s equation for ion current Ii as the following: 
 
𝐼𝑖 = 𝐴𝑝𝑛𝑒
√2
𝜋
(
𝑒𝑉𝑝𝑟𝑜𝑏𝑒
𝑀
)
1/2
 
(3.3) 
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where Ap is the probe area, equal to the probe tip length times the circumference of the tip; n is the 
plasma density; e is the electron charge; and M is the ion mass.  The main conclusion from this 
equation is that the square of the ion current is proportional to the probe voltage.  In the analysis 
of Langmuir probe data, the probe current Iprobe is squared and plotted against Vprobe.  This results 
in a curve like that shown in Figure 16.  Chen shows that of the two slope regions to the left of 
Vfloat, the leftmost slope (marked with a dashed line) corresponds to Eq. (3.3).  With the slope 
calculated from the plotted Iprobe
2 vs. Vprobe data, the plasma density can then be calculated. 
 
Figure 16. Sample plot of Iprobe2 vs. Vprobe. 
 Once n is calculated, the ion current at each point along Vprobe can be calculated.  This ion 
current is then subtracted from the total current, yielding the electron current.  Under a Maxwellian 
assumption, the electron temperature Te of the plasma can be calculated using the following: 
 
𝐼𝑒 = 𝑛𝑒𝑣𝑡ℎexp (
𝑉𝑝𝑟𝑜𝑏𝑒  −  𝑉𝑝𝑙𝑎𝑠𝑚𝑎
𝑘𝑇𝑒
) 
(3.4) 
where Ie is the electron current, k is the Boltzmann constant, and vth is the electron thermal velocity 
given by  
Slope to use for n 
calculation 
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𝑣𝑡ℎ = √
2𝑘𝑇𝑒
𝑚
 
(3.5) 
From Eq. (3.4), it is apparent that taking the inverse of the slope of ln(Ie) vs. Vprobe yields Te.  As 
mentioned above, in a typical plasma, the region between the floating and plasma potentials is 
where Te is calculated.  However, Chen notes that for helicon plasmas, this region is to the negative 
side of the floating potential.  An example plot of this is shown in Figure 17, where here the floating 
potential was measured to be approx. 60 V, and the dashed line, shown to the left of 60 V, is used 
to calculate the electron temperature.  Once the electron temperature is computed, the plasma 
potential can then be calculated using Eq. (3.4).  For these tests, data was smoothed and interpreted 
using MATLAB.  The scripts that were written for this analysis are provided in Appendix A. 
 
Figure 17. Sample plot of ln(Ie) vs. Vprobe. 
 Regarding accuracy, Chen states that this method has been calibrated against microwave 
interferometry results.  For pressures in the 10 mTorr range, the method is accurate, and for 1 
Slope to use for 
Te calculation 
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mTorr of pressure, error is at most a factor of 2 [57].  As discussed later in the experimental results, 
this accuracy is valid for n, but it may not be valid for Te and Vplasma due to RF noise effects. 
3.3.2 Probe construction and frequency response 
To use a Langmuir probe in a helicon plasma, the RF noise from the helicon section has to 
be properly screened out with a series of filters.  Sudit [58] demonstrated the design of such a 
probe, and a similar design was used in prior experiments with HIIPER’s helicon setup [53].  The 
setup consists of four filters in series, where each filter consists of an inductor and capacitor in 
parallel.  The first and third filters are chosen to screen out the 13.56 MHz frequency, and the 
second and fourth filters are chosen to screen out the harmonic frequency of 27.12 MHz. 
Additionally, an auxiliary electrode consisting of a capacitor and a wire length much larger than 
the probe tip is connected in parallel with the four filters.  The overall design is shown in Figure 
18. 
 
Figure 18. Langmuir probe design [52]. 
To verify the operation of the filters in the probe, it was connected to a function generator, 
and voltages were applied at frequencies from 0 to 50 MHz.  The output voltage was shown to be 
minimum at frequencies of 13.56 and 27.12 MHz, as desired.  This behavior is shown in Figure 
19, indicating the proper functioning of the filter setup. 
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Figure 19. Langmuir probe filter response [52]. 
The probe tip was made of 0.25 mm ⌀ tungsten, and the tip length was 7 mm long.  This 
length was chosen to reduce probe shadowing effects of the ceramic holder.  The resulting 
Langmuir probe is shown in Figure 20.   
   
Figure 20. Langmuir probe. 
3.4 Mach probe 
A Mach probe was used to measure the relative velocity change of ions at the exit of the 
helicon as a function of IEC gridlet voltage.  Mach probe theory and the setup used are detailed 
below. 
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3.4.1 Mach probe theory 
Though there are several different types of Mach probes, a typical parallel-type Mach probe 
consists of two probe tips similar to a Langmuir probe though separated by an insulator.  A diagram 
of this type of Mach probe is shown in Figure 21.  These probe tips are biased to ion saturation 
potential, and when immersed in a plasma, the currents collected by the two tips are used to 
determine plasma flow speed.   
 
Figure 21. Parallel Mach probe schematic, adapted from [59]. 
The currents of the two probes are measured and compared.  Theoretically, if a plasma is 
completely uniform, no difference in currents should be observed.  However, if there is a moving 
plasma, the two currents collected will be different.  The ratio of the two currents, defined as R, is 
given as  
 
𝑅 =
𝐽𝑢𝑝
𝐽𝑑𝑜𝑤𝑛
 
(3.6) 
where Jup and Jdown are the upstream and downstream tip currents, respectively.  With R known, 
the following equation can then be used 
 𝑅 = 𝑒𝑥𝑝 (𝐾 ∗ 𝑣𝑓) (3.7) 
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Here, K is a coefficient that depends on several factors: the ratio of the ion to electron temperatures 
Ti/Te, whether the plasma is magnetized or not (magnetized conditions occur when the ion Larmor 
radius is smaller than the probe radius), whether the plasma is supersonic or subsonic, and other 
conditions.  These K values are determined at these conditions using various models, which are 
provided in [60].  The K value used in these experiments was chosen to be 1.34, which corresponds 
to Ti/Te of ≤ 10 and unmagnetized plasma.  The vf term in Eq. (3.7) is the normalized drift velocity, 
given as  
 
𝑣𝑓 =
𝑈𝑝
√𝑇𝑒/𝑀
 
(3.8) 
where Up is the plasma velocity and √𝑇𝑒/𝑀 is the ion sound velocity, where M is the ion mass.  
In some literature [60], vf is referred to as “M” or “M∞”, hence “Mach” probe.  In this study, the 
upstream electron temperature at the gridlets was unknown, as two Te components were likely 
present at this location: the helicon electrons at a few eV and the secondary electrons from grid 
collisions at hundreds or thousands of eV.  Therefore, only the normalized velocity vf was 
compared for these experiments. 
The error in calculating vf (M or M∞) is shown to be the following (from [60]): 
 
𝜎𝑀 =
1
𝐾
𝜎𝑅
𝑅
=
1
𝐾
(
𝜎𝑢
2
𝐽𝑢𝑝
2 +
𝜎𝑑
2
𝐽𝑑𝑜𝑤𝑛
2)
0.5
 
(3.9) 
where σR is the error associated with computing R, σu is the error associated with the upstream 
current measurement, and σd is the error associated with the downstream current measurement. 
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3.4.2 Construction 
As mentioned above, there are different types of Mach probe configurations, such as 
perpendicular Mach probes and Gundestrup probes [60].  Some of these configurations allow for 
a vector measurement of the ion velocity instead of the 1-D component allowed by the parallel 
Mach probe.  For this study, only the axial component was desired at the exit of the helicon source; 
therefore, a parallel Mach probe was built.  At first, a perpendicular Mach probe was constructed 
(relevant theory can be found in [61]), however accurate measurements could not be obtained 
likely due to the size of the probe.  This led to the use of a parallel Mach probe. 
The parallel Mach probe consisted of two copper wires of 1.3 mm ⌀, each housed in a 
ceramic tube of ~6 mm ⌀.  The 1.3 mm ⌀ was chosen for the Mach probe analysis to be considered 
unmagnetized.  Approximately 1 mm length of the wires poked out of the ceramic tubes, and the 
two wire tips were separated by a piece of ceramic of ~0.8 mm thickness.  The Mach probe was 
placed so that both tips were aligned with the center of the helicon tube.  As mentioned earlier, the 
Mach probe was used with the gridlet setup.  Images of the first attempt’s perpendicular probe and 
the final attempt’s parallel probe are shown in Figure 22. 
     
Figure 22. Left: Initially used perpendicular Mach probe. Middle: Parallel Mach probe.  Right: Parallel 
probe placement. 
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Both Mach probe tips were each connected to a Tenma 72-2015 DC power supply, which 
biased the probe tips to -64 V.  The currents were read across a 100 kΩ resistor with an Agilent 
34970A data acquisition unit. 
3.5 Retarding potential analyzer (RPA) 
The RPA was used to measure the most probable ion energy of the helicon-IEC grid 
system.  Additionally, the RPA was used to measure the approximate electron energy distribution 
of the helicon-IEC grid system.  The operation and methodology of HIIPER’s RPA is detailed in 
the sections below. 
3.5.1 RPA theory 
An RPA, also known as a gridded energy analyzer or a retarding field energy analyzer, 
consists of a series of metal meshed grids that are each biased to different electric potentials.  When 
placed in a flowing plasma, only certain plasma particles can pass through these grids, depending 
on the grid voltages.  The number of grids can vary, but a typical RPA configuration consists of a 
floating grid, a negatively biased electron repeller grid, a positively biased ion repeller grid, a 
negatively biased secondary electron suppression grid, and a slightly negatively biased or 
grounded collector plate.  This setup is shown in Figure 23, though there are multiple variations 
of this, i.e., some RPAs may have certain grids removed.   
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Figure 23. Example qualitative RPA setup and corresponding potential diagram. 
Here, electrons entering are repelled by the electron repeller grid.  The ion repeller grid is 
swept through a range of voltages, and ions that have energies higher than the grid potential can 
pass through to the collector plate, while ions with insufficient energies are blocked.  The ions that 
hit the collector plate result in a current that is read.  Additionally, the collisions of ions with this 
plate results in the formation of secondary electrons.  A secondary electron leaving the collector 
plate creates a spurious positive current read on the plate.  Hence, these secondary electrons have 
to be reflected back into the plate by using a secondary electron suppression grid for an overall 
null current on the plate.  Additionally, secondary electrons can be generated from impacts with 
the ion and electron repeller grids.  The secondary electron suppression grid prevents these 
secondary electrons from reaching the collector plate as well. 
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The main data output from an RPA measurement is the current read by the collector plate 
(plotted on the y axis) and the corresponding ion repeller voltage (plotted on the x axis).  The 
derivative of this plot is then generated vs. the ion repeller voltage.  This derivative is proportional 
to the ion energy distribution function, allowing for an estimate of the most probable ion energy 
[62].  The derivation for this is as follows:  For singly charged ions, the current per unit area is 
equal to the charge multiplied by the ion flux.  The ion flux can be represented by the standard 1-
D integral of the distribution function.  This is shown below in Eq. (3.10) 
 𝐼
𝐴
= 𝑒𝛷 = 𝑒𝑛 ∫ 𝑓(𝑣)𝑣𝑑𝑣
∞
𝑣𝑚𝑖𝑛
 
(3.10) 
where I is the collector plate current, A is the plate area, e is electron charge, Φ is the ion flux, n 
is the ion density, v is the ion velocity, and vmin is the minimum ion velocity passing through the 
RPA (i.e., the ions that are not filtered out by the ion repelling grid).  The following conversion is 
then made from velocity to energy in the integral: 
 
𝐸 =
1
2
𝑀𝑣2 
(3.11) 
where E is energy and M is the ion mass.  Using this conversion, rearranging terms, and changing 
the lower bound of the integral to eVi, where Vi is the ion repeller grid voltage, yields 
 
𝐼 =
𝑒𝐴𝑛
𝑀
∫ 𝑓(𝐸)𝑑𝐸
∞
𝑒𝑉𝑖
 
(3.12) 
Taking the derivative with respect to Vi then yields the following equation, proving the derivative 
is proportional to the ion energy distribution function:  
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 𝑑𝐼
𝑑𝑉𝑖
= −
𝑒2𝐴𝑛
𝑀
𝑓(𝐸) 
(3.13) 
The derivative of the I-V plot is then generated vs. the ion repeller voltage.  For these tests, 
this was done using MATLAB, where a Savitzky-Golay fit was applied to the raw data and slope 
data (see Appendix A for code).  An example data set is shown in Figure 24.  Here, a current-
voltage (I-V) characteristic is shown with its corresponding negative derivative.  In this case, the 
most probable ion energy was measured at 190 eV.  In the experiment where this data was 
collected, the helicon bias was set to 180 V, which matches fairly well. 
 
Figure 24. Left: Sample I-V characteristic. Right: Corresponding derivative.  
 One complication in the design of an RPA is that when ions and electrons are “filtered out” 
of the flow, a space charge can exist between the grids.  The potential diagram shown in Figure 23 
assumes only the potential in a vacuum, however with space charge, the potential can change, 
which affects the filtering ability of the grids.  For example, if a significant amount of positive 
space charge exists between the ion and electron repeller grids (i.e., due to low energy ions that 
are prohibited from passing through the ion repeller grid), higher energy ions that normally would 
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be able to pass through the ion repeller grid may not be able to pass through due to the additional 
positive space charge.     
Grid placement becomes important to reduce these space charge effects.  Specifically for 
the ion and electron repeller grids, Hutchinson states that the grid spacing has to be approximately 
4 Debye lengths [62].  Assuming a typical helicon plasma density and electron temperature of 1018 
m-3 and 5 eV, respectively [56], 4*λD is equal to approximately 0.1 mm.  Setting up grids at this 
distance is extremely difficult.  To alleviate this restriction, a floating grid can be implemented, 
which reduces the plasma density, hence increasing the Debye length.  The main downside with 
this method is that it leads to uncertainty regarding the resulting plasma density.   
3.5.2 HIIPER RPA design 
The HIIPER RPA was built based off of two designs:  The main body was built from an 
earlier HIIPER RPA used by Ulmen [29], and the grid mesh size and grid spacing were derived 
from an RPA used for Hall thruster testing and more recently helicon thruster testing at the 
University of Michigan [20] [63].  An exploded view of the HIIPER RPA is shown in Figure 25, 
and the actual RPA is shown in Figure 26.  It consisted of a series of 3” square Macor ceramic 
plates of varying thicknesses and aperture diameters.  The purpose of two separate aperture 
diameters was to prevent arcing between grids, as in the prior HIIPER RPA, sputtered metal 
deposited on the insides of the RPA, creating a conducting path between grids.  Having two 
aperture diameters created a step where a conducting path could not occur.   
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Figure 25. HIIPER RPA exploded view [52]. 
   
Figure 26. Left: HIIPER RPA. Right: Mounted RPA downstream of IEC setup. 
 The grid meshes and distances were chosen to match that of the University of Michigan 
RPA, as that RPA was successfully used for helicon thruster testing.  The grid meshes used were 
66 mesh (66 squares per inch) 316 stainless steel, with listed wire diameter 0.1016 mm and opening 
size 0.283 mm.  This corresponds to a 54% transmission factor per grid.  Additionally, the opening 
size is important for filtering out the electrons.  If the mesh opening is too large (i.e., if the opening 
is larger than the Debye length), electrons can pass through [64].  Assuming a downstream Te of 
~1 kV (due to the kV-level IEC grid) and n of ~1016 m-3 (chosen as 1% of the estimated max 
density in the helicon), this corresponds to a λD of 2.35 mm, much larger than the grid opening size 
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of 0.283 mm.  A more conservative estimate of Te ~ 300 eV and n ~ 10
17 m-3 yields a Debye length 
of 1.29 mm, still larger than the opening.  Thus, this grid size was considered effective in screening 
out high energy electrons originating from the IEC section. 
Except for the floating grid, each mesh was compressed against a titanium ring electrode, 
which stuck outside of the Macor sheets, allowing for alligator clip connections to the 
corresponding power supplies.  The collecting plate was also made of titanium.  Additionally, 
Kapton tape was wrapped around the RPA to prevent plasma from the surroundings interfering 
with the RPA components. 
 For the HIIPER experiment, it was assumed that the RPA would detect ions with energies 
on the order of the helicon bias (up to ~200 V), and it would detect electrons with energies on the 
order of the IEC grid bias (up to several -kV).  This dictated the procedure of using the RPA during 
experiments, which is described below:  
1) Set the electron repelling grid to a negative value.  Then, sweep the ion repelling grid, 
recording both the ion repelling grid potential and current measured by the plate. 
2) Make the electron repelling grid more negative, then repeat the sweep. 
3) Examine data: if the measured current is more positive for a more negative electron repeller 
grid, then that indicates electrons were blocked.  Also using this data, the most probable 
ion energy is calculated. 
Regarding electrical setup, the electron repeller grid used a Bertan 105-05R high voltage 
DC power supply (max ± 5 kV and 200 mA).  The following biases were used for the electron 
repeller grid: 0, -0.3, -0.6, -1, -2, -3, and -4 kV.  The ion repeller grid used an Agilent 33220A 
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function generator with a BOP 1000M bipolar operational amplifier (max ± 1000 V and 40 mA).  
This setup was swept from 0 to 975 V, and later the sweep was changed to 0 to 400 V.  Voltage 
on the BOP was read using a Pintek HVP-40 high voltage probe connected to an Agilent 34970A 
data acquisition unit (DAQ).   For both power supplies, small diodes were also set up to prevent 
the current reversing into the power supply.  The secondary electron suppression grid was biased 
negatively using 2 nine-volt batteries.  The collector plate was grounded, where current was read 
across a 5,010 Ω resistor with the DAQ.  A typical potential diagram of the RPA is shown in Figure 
27.  Sweep times were limited by the DAQ’s data collection rate of approx. 10 samples/sec, and it 
was desired to have a 1 V resolution.  Therefore, sweep times were approximately 40 s for 400 V 
sweeps.   
 
Figure 27. Typical RPA potential diagram. 
The RPA used by the University of Michigan was estimated to have an uncertainty of its 
most probable ion energy of ±10 V due to the measurement angle, data smoothing, and numerical 
differentiation of raw data.  A conservative error estimate was also provided as the half-width at 
half-maximum (HWHM) of the peak of the plot calculated from differentiation of the I-V 
characteristic [65].  For HIIPER, the HWHM was measured for various tests to be approximately 
± 40 V.  The error for measuring the magnitude of the current on the RPA plate was estimated to 
be due to curve fitting in MATLAB (no more than 5%) and error associated with the data 
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acquisition equipment (nominally assumed to be no greater than 10%) for a total error margin of 
11%.  This is value is an approximation- a better value could be obtained by testing the RPA with 
a known current, i.e., from an ion gun as was done by Lemmer [63].  This was not done here due 
to time and budget constraints, but doing this would help improve the understanding of the RPA’s 
accuracy and likely lower the error estimates. 
3.6 Torsional thrust balance 
In previous experiments, an attempt was made to measure the thrust force produced by an 
asymmetric IEC grid using a hanging pendulum thrust plate [29].  The thrust plate did not work as 
intended, which was partly due to the overall experimental setup, but it was also due to the thrust 
plate not being adequately sized for the expected thrust levels.  In this experiment, a thrust plate 
was designed for thrust forces in the µN range, and the sections below detail that work. 
3.6.1 General theory 
Generally, there are three main types of thrust balances.  Two of these types, a hanging 
pendulum and an inverted pendulum, are affected by gravity.  The third type, a torsional balance, 
moves perpendicular to gravity, which makes its response independent of the mass of the thruster 
that is mounted to the balance [66].  Additionally, torsional balances are well suited to measure 
small forces, as they have a high measurement sensitivity.  For this reason, a torsional balance was 
desired for HIIPER. A typical torsional thrust balance consists of a long beam mounted by flexural 
pivots (which are effectively springs that rotate in the azimuthal direction), where one end of the 
beam has the thruster mounted, and the other end has a counter weight and damping mechanism.  
On the thruster side of the beam, a linear variable differential transformer (LVDT) is used to 
measure the displacement caused by the thruster’s thrust force.  The main idea is that the thrust 
48 
 
creates a moment about the beam that the flexural pivots resist.  At steady state, this force creates 
a displacement that is read by the LVDT sensor, and from prior calibration of the balance, this 
displacement is correlated with a force. 
The general equation of motion for a thrust balance is given by 
 𝐼?̈? + 𝑐?̇? + 𝑘𝜃 = 𝐹(𝑡)𝐿 (3.14) 
where I is the moment of inertia, θ is the angle of motion relative to a reference angle, c is the 
damping constant, k is the effective spring constant, F(t) is the applied force, and L is the distance 
from the pivot point at which the force acts [66].  The steady state deflection angle θsteady for a 
constant force F can be derived and is given by 
 
𝜃𝑠𝑡𝑒𝑎𝑑𝑦 =
𝐹𝐿
𝑘
 
(3.15) 
Assuming small angles, the force as a function of displacement can then be derived as 
 
𝐹 =
𝑘𝑥
𝐿𝐿𝐿𝑉𝐷𝑇
 
(3.16) 
where x is the steady state displacement of the LVDT and LLVDT is the length from the pivot to the 
location of the LVDT.  
 There are a few additional points that need to be addressed regarding a torsional balance 
design.  First, the balance’s response has to be damped; otherwise, the balance arm will oscillate 
for a long time, preventing a meaningful measurement.  Second, the center of mass of the balance 
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arm has to be along the pivot axis.  This necessitates the use of a counterweight.  Third, a 
calibration method has to be used to convert the LVDT signal to a force.  These points are 
discussed in more detail in the following section. 
3.6.2 Thrust stand design 
There were several requirements in the design of the HIIPER torsional balance that were 
specific to the HIIPER setup.  These requirements are listed below: 
1) The torsional balance must be capable of measuring sub-mN thrust levels.  The rationale 
for this was that sub-mN thrusts were expected for HIIPER.  However, later during testing 
it became apparent that µN forces were being produced, though the torsional balance was 
still able to measure these forces. 
2) The torsional balance must fit inside the vacuum chamber.  The radius of the vacuum 
chamber was approximately 30 cm.  Therefore, the longest length of the balance’s arm 
from pivot to plate could be approximately 17-20 cm, accounting for the size of the plate, 
the size of the counterweight and damping system, and the space required to insert the 
balance into the chamber.   
3) The torsional balance must be mounted vertically inside the chamber by a top feedthrough.  
The rationale for this was that HIIPER’s vacuum chamber was all rounded surfaces, and 
though thrust balances are usually installed on a table, this could not be done for HIIPER.  
On the top of the vacuum chamber there was a feedthrough that was mostly level to ground 
– this was chosen for mounting the balance inside the chamber. 
Regarding measuring sub-mN thrust levels, several references were found that indicated 
this was possible: Gamero-Castaño had reported the ability to measure sub-µN forces with a 
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torsional balance [67].  Nakamura et al used a torsional balance for a helicon thruster [68].  Jamison 
et al used a torsional balance of sub-µN forces, where an LVDT was used [69], and later this 
balance was implemented with electrostatic combs for calibration purposes [70].  In addition, 
Mirczak used a torsional balance where he specified the flexural pivot design [71].  Regarding 
damping, Soni and Roy used a torsional pendulum, where they damped the motion with a copper 
block and a magnet [72].  For HIIPER, a torsional balance was sized and designed using 
characteristics from the above designs.  
The main difference between these designs and HIIPER’s torsional balance was that the 
helicon-IEC grid setup was an exhaust and not a self-contained thruster that could be mounted on 
a thrust balance.  Thus, instead of mounting a thruster on the torsional balance, a plate was mounted 
on one end, where the exhaust would hit the plate and push it back into the LVDT.  Thrust plate 
methods are uncommon but have been occasionally used [73] [74].  Regarding size of the thrust 
plate, it was important that the plate be large enough to capture the exhaust.  For this setup, a 
titanium plate of 12 cm ⌀ was used.  This diameter was chosen to minimize the counterweight 
mass on the opposite end of the balance, while also capturing the extent of the exhaust, which was 
measured as shown in Section 5.3.5. 
It should also be mentioned that a study by Cheng using a plate to measure thrust 
considered the effect of sputtered material from the plate affecting the thrust measurement.  In his 
configuration, Cheng used a “fish trap” to eliminate the effect of sputtered material contributing 
to the thrust measurement [75].  The meaning of “fish trap” refers to Cheng’s setup that caused 
any sputtered material to escape only along the radial direction, perpendicular to the axial exhaust 
direction.  For HIIPER, a similar method to account for sputtered metal from the plate was 
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considered (i.e., by adding a perforated “lip” to the plate, making it more similar to a cup), however 
after measuring very small forces with the setup, this design was deferred.  It was thought that any 
change in the setup of the plate would result in a change of thrust that would be too small to 
accurately discern.  At most, the effect of sputtered material would show a measured force twice 
its actual value, assuming all ions created sputtered metal atoms that escaped axially away from 
the plate.  However, it was more likely that the fraction would be smaller, and its effect would be 
difficult to measure.  An overall conclusion is that a more accurate thrust measurement would 
instead use a standalone version of HIIPER mounted on a torsional balance, but this was not 
possible with the funding and experimental facilities available. 
To estimate the number of Ar ions hitting the plate and backscattering vs. the number of 
Ar ions inelastically colliding with the plate, the software SRIM was used [76].  A simulation was 
set up such that 200 eV Ar ions were shot at a Ti plate.  Of 100,000 simulated ions impacting the 
plate, 2.2% of them backscattered.  Additionally, 0.330 atoms of Ti were calculated to sputter for 
every ion impacting the plate.  Assuming that, at most, if these sputtered atoms and backscattered 
ion have the same momentum as the ions hitting the plate and travel in the opposite direction, the 
actual thrust is ~74% of that value read.  Therefore, even with a conservative estimate on the 
sputtering, the measured thrust is fairly close to the actual value. 
 Regarding instrumentation, the torsional balance used two Riverhawk flexural pivots each 
with a listed k value of 0.0018 in-lbf/deg (0.012 N-m/rad), for a total k value of 0.0036 in-lbf/deg 
(0.023 N-m/rad).  The arm length from pivot to plate was approximately 6”, and the distance from 
pivot to LVDT was slightly longer at approximately 6.5”.  An analog HR 050 general purpose 
LVDT from TE Connectivity was used in conjunction with an LDM-1000 signal conditioner also 
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from TE Connectivity.  A more sensitive LVDT was initially tested, however the clearance of that 
LVDT core with the bore was not large enough, prohibiting movement of the torsional balance 
arm.  Thermal effects on the torsional balance during thruster operation were initially unknown, 
however a thermocouple placed near the LVDT showed negligible temperature increases during 
testing, and thrust values were fairly consistent after periods of thruster firing. 
 Images of the torsional balance CAD model and actual device are shown in Figure 28.  It 
should also be mentioned that in the actual setup, a weight was added to the entire balance (not the 
balance arm) to make the entire setup more stable in the presence of vibrations from the vacuum 
pumps.  Small counterweights were also added to the beam arm to put the beam’s center of mass 
along the pivot.   
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Figure 28. Images of torsional balance (CAD model and final mounting setup in chamber). 
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3.6.3 Calibration 
There are multiple options for calibrating thrust stands, and for HIIPER, the electrostatic 
combs method was used.  Electrostatic combs are metal devices similar in shape to hair combs, 
where they are interlocked together but still separated.  One of the combs is grounded, and a 
voltage is applied to the other, producing a small yet measurable force between the two combs.  
Additionally, the distance at which the combs are separated is independent of the force between 
the two combs, provided that the combs are sufficiently close enough together.  Thus, if the thrust 
balance moves during calibration, the generated force stays the same even if the combs move away 
from each other [66]. 
To avoid having to manufacture electrostatic combs, another option is to make use of the 
interlocking structure provided by a pair of commercial heat sinks.  Cheah et al [77] tested several 
different heat sink models, where voltages were applied between pairs of interlocking heat sinks 
mounted vertically on a scale, and the resulting force was measured by the reduction in weight on 
the scale.  The resulting data showed the force applied between a pair of heat sinks as a function 
of applied voltage.  Additionally, some heat sinks were shown to function better than others for 
different ranges of forces.  One of these heat sinks, the BGA-STD-115 by ABL Components 
(shown in Figure 29 with corresponding voltage vs. force plot shown in Figure 30) was chosen for 
calibrating HIIPER, as it could generate a force as high as 3.5 mN (for  approx. 800 V applied), 
and it could also generate a consistent force with the heat sinks interlocked within a range of 10 
mm.  Images of the heat sinks in operation are shown in Figure 31. 
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Figure 29. Heat sinks used. Left had voltage applied, right was grounded. 
 
Figure 30. Force between heat sinks vs. applied voltage, plotted from [77]. 
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Figure 31. Left: Heat sinks interlocking.  Right: Heat sinks performing calibration in torsional balance 
testing position. 
In addition to the heat sinks, the LVDT needed to be calibrated.  This was done by moving 
the LVDT using a precision movement tool and recording the corresponding voltage for each 
location.  This resulted in a plot of LVDT position vs. LVDT output voltage shown in Figure 32.  
This plot is linear (with exception to a slight non-linearity at the edge of the measurement range 
due to asymmetric imperfections of the device), and a line was fit to it.   
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Figure 32. LVDT output voltage vs. position. 
The end result was that a range of forces produced by the heat sinks could be correlated to 
the displacement of the LVDT.  It should also be noted that in general, a thrust sensor is calibrated 
each time before running an experiment.  For HIIPER, due to the difficulty of setting up the heat 
sinks and running them in vacuum, the torsional balance was only calibrated in room atmosphere, 
though still inside the vacuum chamber.  Overall, the torsional balance calibration was performed 
five times to achieve a spread of data.  The resulting data is shown below in Figure 33.  A line was 
fitted to the data, allowing for a relation between LVDT displacement and force impacting the 
thrust sensor.  During testing, it was also observed that the electromagnet’s magnetic field affected 
the LVDT.  On further inspection, it was measured that the electromagnet only affected the LVDT 
by a constant offset for a given magnetic field, and thus this effect could be subtracted, provided a 
constant magnetic field was used during testing.   
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Figure 33. Displacement vs. force calibration curve. 
3.6.4 Damping 
The torsional balance was damped using a cylindrical magnet with approximately 6,400 G 
surface magnetic field and a block of copper.  The governing idea is that motion of the copper near 
the magnet induces eddy currents which oppose the motion, causing the copper to decelerate.  This 
effect is similar to the science experiment of dropping a magnet down the length of a metal pipe.  
For the torsional balance, the copper was mounted near the counterweights, and the magnet was 
mounted on a separate stand off of the balance beam.  The magnet and copper block were separated 
by a few mm of a gap (see Figure 34).  The end result was that the oscillations were well damped.  
This is illustrated by Figure 35, which shows the damping behavior of the torsional balance when 
the thrust plate was tapped at varying degrees of intensity.     
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Figure 34. Close-up of copper block and magnet. 
 
Figure 35. Damping behavior of torsional balance. 
3.6.5 Uncertainty 
The uncertainty of the torsional balance was estimated using a method similar to that done 
in [78].  Using the equation of the measured force given by Eq. (3.16), the equation for the 
uncertainty is given by  
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First, the uncertainty for x of 7.8% is summarized below in Table 2, where each term is 
independent of the other.   
Table 2. Displacement uncertainty components. 
Term Value Notes 
Uncertainty for force produced by heat 
sinks 
5.6% Stated by Cheah et al in [77] 
Precision adjustment tool uncertainty (used 
for calibrating LVDT) 
2% Estimated from using the device 
LVDT displacement vs. output voltage 
uncertainty 
0.44% Calculated from line fit 
Instrumentation measurement uncertainty 5% Estimated 
Total uncertainty for x 7.8%  
 
With this uncertainty for x, the rest of the terms are summarized below in Table 3 for the total 
uncertainty for F of 16%.   
Table 3. Total uncertainty components. 
Term Value Notes 
Torsional spring uncertainty 10% Quoted by Soni as the manufacturer’s 
error margin [72]  
Displacement uncertainty 7.8% From Table 2 
Location of force uncertainty 8.3% From L = 6.4 ± 0.25 in 
Location of LVDT uncertainty 3.9% From LLVDT = 6 ± 0.5 in 
Total uncertainty for F 16%  
 
Comparing the torsional balance’s calibration vs. its theoretical behavior, the difference 
was approximately 21%, shown in Figure 36.  Therefore, a more conservative estimate of the 
torsional balance’s uncertainty was chosen to be this value instead. 
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Figure 36. Theoretical vs. actual torsional balance behavior. 
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Chapter 4 HIIPER 
Before discussing the results of these experiments, this chapter summarizes HIIPER and 
its predicted performance.  
4.1 Summary of main components 
The main components of HIIPER and their parameters are summarized below in Table 4.  
Table 4.  Summary of main components of HIIPER. 
Component name Function Value 
Helicon grid bias Used to bias the helicon plasma 
to an initial potential. 
Usually +180 V (limited by 
power supply availability). 
Helicon source Generates argon plasma. RF power = 300 W, 
electromagnets usually ~90 G. 
Inner IEC grid Negatively biased to extract ions 
from helicon source.  Also 
theorized to create beam of 
electrons from secondary 
collisions with grid. 
Grid potentials from -0.3 kV to -
4 kV. 
Outer IEC grid Used to mimic typical IEC 
setup, where ionization occurs 
between outer vacuum wall and 
concentric IEC grid.  Secondary 
purpose is to protect inner grid 
from grid erosion. 
Left to floating potential. 
 
4.2 Expected behavior and predicted performance 
The exhaust of HIIPER was expected to be composed of ions and electrons.  The ions, 
originating from the helicon source, were expected to have ion energies in eV similar to the helicon 
bias voltage.  The electrons, originating from the IEC grid, were expected to have electron energies 
in eV similar to the inner IEC grid bias voltage.  This was assumed from Ulmen’s work where 
electrons were measured in glow discharge mode with energies comparable to the IEC grid voltage 
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[29].  The relative amounts of ions and electrons were unknown, though it was expected that these 
amounts could be controlled by varying the IEC and bias grid voltages.  The expected performance 
of HIIPER is discussed below. 
4.2.1 Preliminary estimates on HIIPER thrust and specific impulse 
To estimate the thrust and specific impulse (Isp) of HIIPER, an estimate of helicon 
ionization efficiency was first needed.  Previous work by G. Chen [49] estimated HIIPER’s helicon 
source’s ionization fraction at 5.6% using a zero-dimensional code.  This estimate assumed an RF 
power of 300 W and used experimental data from the same setup.  However, for the experiments 
that were conducted to determine this fraction, the electromagnets were farther back from the 
vacuum chamber, meaning that more ions were likely hitting the helicon source walls than exiting 
the source.  Additionally, the helicon antenna configuration was physically not well-made.  These 
issues were later fixed for these present experiments.  Thus, a rough ionization fraction estimate 
of 10% was assumed for HIIPER performance values.  This ionization fraction would later be 
compared with an experimental estimate through the use of the Langmuir probe. 
Using the 10% ionization fraction estimate and the set Ar mass flow rate of 3.000 sccm 
(0.089 mg/s), this corresponded to an ion mass flow rate of 0.009 mg/s.  Then, assuming an ion 
energy of 180 eV, or equivalently an axial speed of 29,000 m/s, the thrust was estimated with 
 𝑇 = ?̇?𝑖𝑜𝑛𝑈 (4.1) 
where T is thrust, ?̇?𝑖𝑜𝑛 is ion mass flow rate, and U is ion speed.  This yielded T = 0.26 mN.  Next, 
Isp was estimated with  
64 
 
 
𝐼𝑠𝑝 =
𝑈
𝑔
?̇?𝑖𝑜𝑛
?̇?
 
(4.2) 
where g is acceleration due to gravity and ?̇? is the total mass flow rate.  This yielded Isp = 300 s.  
While low, these estimates could be improved with higher ionization using a larger amount of RF 
power.  Additionally, ion speed could be increased by making the helicon bias even more positive 
(this was limited by power supply availability). 
 The estimates above do not include the cold gas component of thrust.  Assuming an argon 
pressure of ~0.1 mTorr at the exit of the helicon source and a room temperature of 298 K, the Ar 
gas density is 2.2*10-7 kg/m3.  Using this density, the 3 sccm mass flow rate, and the helicon inner 
diameter of 3.6 cm, the velocity of the neutrals is 94 m/s.  This corresponds to a cold gas thrust 
component of 0.008 mN, which is small compared to that due to the ions. 
4.2.2 Preliminary estimate on efficiency 
For an estimate of HIIPER’s efficiency, the total input power was tabulated, shown below 
in Table 5. 
Table 5. HIIPER power estimate. 
Component Power 
Helicon RF power 300 W 
Inner IEC grid (~kV voltage, <1 mA of current)  1 W 
Helicon bias at 180 V (~0.12 A) 22 W 
Magnet supply at 90 G (3.0 A, 5.2 V) 16 W 
Total 338 W 
 
Using the equation for efficiency: 
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1
2
𝑇𝑈
𝑃𝑖𝑛
 
(4.3) 
where η is efficiency and Pin is input power, η = 1.2%.  This was a fairly low efficiency, though 
comparable to other helicon thrusters.  Increasing efficiency could possibly be done by increasing 
thrust and exhaust velocity through methods discussed earlier, though this might increase the total 
input power.  Total input power could also be reduced by using permanent magnets instead of the 
DC helicon magnet.   
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Chapter 5 Experimental results 
This chapter details results from the experiments.  The sections include Langmuir probe 
results, Mach probe results, RPA results, and torsional balance results. 
5.1 Langmuir probe 
The Langmuir probe was used for two purposes: characterizing the helicon source by itself 
and understanding the plasma as it enters the IEC grid section. 
5.1.1 Helicon source characterization 
To understand the helicon source, the Langmuir probe tip was placed inside the helicon 
source at a location inside the quartz tube near the RF antenna.  For the first set of results below, 
measurements were taken at the centerline and edge of the helicon tube.  The goal was to determine 
how the plasma density n varied with RF power at two radial positions, with the helicon bias grid 
floating.  The results (see Figure 45) indicated that as RF power was increased, n along the 
centerline became greater than that along the tube edge.  A denser plasma along the centerline vs. 
the edge is an indicator of helicon mode.  Te was roughly constant with RF power, at an average 
of 3.1 eV for the centerline and 2.6 for the edge.  Vplasma was also roughly constant with RF power, 
at an average of -102 V for the centerline and -108 V for the edge.  It should be noted that n was 
relatively straightforward to calculate from the experimental data, in contrast to Te and Vplasma 
which were largely affected by RF noise, making the calculations somewhat subjective (i.e., 
choosing where to fit a line).  Thus, though Chen stated that uncertainty with a Langmuir probe in 
a helicon source could be at most a factor of 2, the actual uncertainty for Te and Vplasma may be 
higher. 
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Figure 37. Helicon source n vs. RF power, floating helicon bias grid. 
A second set of measurements was taken along the tube centerline with RF power kept 
constant at 300 W and the helicon bias varied.  The results (see Figure 38) show that n decreased 
for increased bias voltage, and additionally, Vplasma increased from approximately -60 V to 20 V.  
This indicated that an increased bias voltage raised Vplasma, as expected, but decreased n, which 
was not expected.  The reasoning for this decrease in n is that a plasma was observed forming on 
the upstream end of the helicon source, as shown in Figure 39.  This region was between the 
helicon bias grid and the argon gas feedthrough.  By increasing the bias grid voltage, the sheath 
around the bias grid moved downstream, reducing the number of downstream electrons available 
for ionization and thus decreasing the downstream density of the plasma.   
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Figure 38. Helicon source n and Vplasma vs. helicon bias voltage, 300 W RF power. 
 
Figure 39. Plasma forming on upstream end of helicon source. 
Comparing the two sets of data above, the n values measured for the biased grid were 
greater than those for the floating bias.  In reality, this is not true since  n was observed to decrease 
during testing even for multiple measurements of the same test, provided that other tests were 
conducted in-between the two tests.  This was likely due to the Langmuir probe tip area becoming 
somewhat covered with sputtered metal, increasing the effective area of the probe.  While this 
effect was gradual, the two sets of tests discussed above were not conducted consecutively: the 
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actual n values for the floating bias tests were likely a factor of 3 greater than what was measured.  
(The number 3 comes from examining and comparing earlier tests.) 
The density inside the helicon was then measured as a function of magnetic field, using a 
floating helicon bias grid and 300 W of RF power.  The goal was to determine if there was an 
optimum magnetic field that yielded the densest plasma.  Tests were conducted from 0 to 900 G, 
with more measurements taken on the lower end of that range.  The results (see Figure 40) showed 
that n peaked around 90 to 135 G.  These results match other results that showed that 90 G resulted 
in the largest downstream measurements. 
 
Figure 40. Helicon source n vs. magnetic field, 300 W RF power. 
 One goal of these tests was to confirm the existence of helicon mode in the helicon source.  
In a separate study, Curreli used helicon wave equations to compute the radial power deposition 
in a helicon plasma.  For conditions of 100 G, a helicon tube of 10 cm ⌀, helicon frequency of 
13.56 MHz, and pressure of ~1 mTorr, he showed a relatively large power deposition in the center 
of the tube compared to the edge [41].  With exception of the helicon tube diameter, these 
conditions are similar to those of HIIPER.  Other magnetic fields and pressures in his models 
indicated larger power deposition along the edges.  His results agree with the behavior of HIIPER’s 
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large n value along the centerline, indicating that the helicon source in HIIPER has helicon waves 
present. 
A second goal of these tests was to estimate the ionization fraction inside the helicon 
source.  Using a very rough approximation of a parabolic variation of n along the radial direction, 
with a boundary condition of n = 0 at the edges, an average value of n was calculated at 1.6*1017 
m-3 for 300 W RF power and a floating helicon bias.  The neutral pressure inside the helicon tube 
at this location was likely between 1 and 0.1 mTorr (though likely closer to 1 mTorr), yielding an 
ionization fraction ranging between 0.5% and 5%, respectively.   
5.1.2 Gridlet tests 
To understand the properties of the plasma as it enters the IEC grid section, the Langmuir 
probe was placed right at the exit of the helicon section.  Instead of IEC grids, the “gridlets” 
discussed in Section 3.2 were used.  The Langmuir probe could not otherwise reach the helicon 
exit if the regular IEC grids were used.  In these experiments, the outer gridlet was left floating 
and the inner gridlet’s bias voltage was varied.  Additionally, the helicon bias voltage was varied. 
The results for n as a function of the inner gridlet voltage and the helicon bias voltage are 
shown in Figure 41.  Overall, n was measured to be approximately constant for the different inner 
gridlet voltages, however n was consistently smaller for increased bias voltage.  This matched the 
behavior of n measured inside the helicon source.   
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Figure 41. n vs. inner gridlet voltage as a function of helicon bias. 
One key result of this study was that the n measured at the exit of the helicon source was 
at most only a few % of the n measured inside the helicon source.  This indicates that ~97% of the 
plasma generated inside the helicon source was lost to walls.  This was an unfortunate effect of the 
experimental setup (see Figure 42).  As shown, the quartz helicon tube was connected to a metal 
bellows, which was then connected to the grounded vacuum chamber.  The bellows was needed to 
permit some flexibility between the quartz tube and the chamber, as there was concern that an 
inflexible connection would cause cracks in the tube and thus depressurization of the vacuum setup 
(and likely the failure of the turbopumps).  The distance between the quartz tube and the IEC grids 
was ~15-20 cm.  There were two attempted fixes to this plasma loss issue.  The first was to insert 
a tube made out of Kapton into the region between the quartz and the IEC grids.  This was done to 
prevent the plasma from escaping to the metal walls.  It was found, however, that this did not 
produce any noticeable effect, and also, the Kapton material nearest to the helicon plasma was 
sometimes burning up and flaking off.  The second attempt to fix the plasma loss was to add an 
electromagnet on the outside of the chamber between the existing electromagnets and the IEC grid 
section.  However, no change in plasma loss was measured.  Because these two attempts were not 
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successful in preventing plasma losses to the walls, it is recommended that a future setup of 
HIIPER use a standalone thruster setup with no avenues for plasma loss. 
 
Figure 42. Graphic showing helicon source setup, where plasma was lost to the grounded metal walls. 
In addition to the n measurements, Te and Vplasma were also measured.  Te was calculated 
to range between 2 and 6 eV, however no relation could be discerned between it and either the 
inner gridlet voltage or helicon bias voltage.  Additionally, it is likely that some very high energy 
electrons from the gridlet system were present, however these could not be measured with the 
Langmuir probe.  Vplasma was measured to range between -40 and 20 V, with more negative Vplasma 
values for more negative inner gridlet voltages.  However, no other pattern was observed.  The 
difficulty in obtaining accurate values for these two parameters was due to RF noise. 
5.1.3 Bias grid behavior 
Related to the Langmuir probe measurements but not using the Langmuir probe explicitly, 
the voltage and the current on the helicon bias grid were measured to understand the behavior of 
the helicon bias grid.  It was found that the current on the bias grid increased approximately linearly 
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with voltage until the voltage on the grid reached approximately 200 V, at which point it became 
approximately constant.  This is due to the bias grid acting like a planar Langmuir probe, where 
around 200 V it reaches electron saturation, and a constant current is generated.  This matches the 
work done by Williams, which showed that applying a voltage bias to a helicon source resulted in 
the same constant current, regardless of the voltage applied (provided it was sufficiently high 
enough) [24].  The current-voltage graph of the helicon bias grid is shown in Figure 43. 
 
Figure 43. Helicon bias grid current vs. voltage. 
5.2 Mach probe 
The Mach probe was also used with the gridlet configuration, where the Mach probe was 
placed at the exit of the helicon section.  For different helicon bias grid voltages, the inner gridlet 
voltage was varied, and the normalized velocity vf was measured with the Mach probe (see Figure 
44).  There were two main results from these tests.  First, a larger helicon bias grid voltage resulted 
in higher velocities, indicating that the helicon bias grid was increasing the downstream ion 
velocity.  Further proof of this effect will be shown with RPA results in later sections.  The second 
main result from these tests was that more negative gridlet voltages resulted in larger velocities.  
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This indicated that at the region of the grid system, ion velocities increased due to the larger 
negative potential. 
 
Figure 44. Mach probe normalized velocity results for different helicon bias grid voltages. 
While these results were not as descriptive as the RPA, Langmuir probe, and torsional 
balance results, they were qualitatively indicative of ion behavior when entering the IEC grid 
system.  It should also be noted that the currents collected by the Mach probe tips were observed 
to become smaller with increased helicon bias grid voltage (though the current ratios increased).  
This was due to the upstream helicon losses discussed in Section 5.1.1. 
5.3 RPA 
Several different types of tests were run with the RPA.  These are outlined and summarized 
below in Table 6, with more information in the following sections. 
Table 6. RPA work summary. 
Section Type of test Goal of test 
5.3.1 RPA functionality Verify the effect of the helicon bias.  
5.3.2 Electron energy Measure electron currents and energy distributions for 
different inner IEC grid voltages. 
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5.3.3 Magnetic fields Determine the effect of the magnetic field on RPA results. 
5.3.4 Sideways IEC grid Measure the effect of turning the inner IEC grid 90º 
sideways. 
5.3.5 Vertical translation Perform measurements with the RPA at different vertical 
and axial locations to determine spatial characteristics of 
the exhaust. 
5.3.6 Denser inner IEC grid Compare the effects of different IEC grid designs. 
5.3.7 Single IEC grid  Determine the effect of the floating outer grid. 
 
5.3.1 RPA functionality tests 
A basic test was to study the effect of the helicon bias on the most probable ion energy.  In 
the results that follow, the inner IEC grid was nominally set to 1 kV, and the RPA’s electron 
repeller grid was set to 1 kV as well.  (Note: when discussing the inner IEC grid and the RPA’s 
electron repeller grid, it is assumed that the associated voltages are always negative.)  Figure 45 
shows the raw and smoothed data of two I-V traces: one with the helicon bias set to 135 V and 
another with the bias at 180 V.  The RPA plate current is on the y axis, and the RPA’s ion repeller 
grid voltage (which is always assumed positive) is on the x axis.   
 
Figure 45. I-V traces of two different helicon biases. 
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 Computing the negative slopes of this data (which correspond to the ion energy distribution 
functions as discussed earlier) yields the data shown in Figure 46.  The peak of each graph 
corresponds to the most probable ion energy, and the error is equal to the half-width at half-
maximum.  Note that there are some discontinuities likely due to plasma fluctuations inside the 
RPA.  For the 135 V bias, the most probable ion energy was calculated to be 142 ± 37 eV, and for 
the 180 V bias, it was calculated to be 187 ± 34 eV.  Thus, the results indicated that the most 
probable ion energy correlated well with the helicon bias potential. 
 
Figure 46. Ion energy distribution functions for different helicon biases. 
It is important to note that the RPA plate currents began as positive values but became 
negative as the ion repeller grid voltage was increased.  This was likely due to ion impacts within 
the RPA, the result of which were secondary electrons that were accelerated toward the collecting 
plate by the strong electric field formed by the ion and electron repeller grids [79].  In contrast, if 
an I-V trace’s current was positive and never zero, this would be due to secondary electrons 
originating from the collector plate but not being properly rejected back into the collector [80].  To 
improve the design of HIIPER’s RPA, a more thorough analysis of the collected currents on the 
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different grids could be done (such as in [81]).  This would provide data on the currents collected 
by the different grids.  By testing different grid mesh sizes (e.g., changing only the floating grid or 
secondary electron repeller grid) and testing different secondary electron repeller grid voltages 
and/or plate biases, the grid currents could be monitored, with the end goal being zero plate current 
for high ion repeller grid voltages.  However, for our purposes the RPA functioned sufficiently 
well in identifying the most probable ion energy and approximate electron energies of the exhaust. 
5.3.2 Electron energy tests 
In previous experiments by Ulmen [29], electrons with energies comparable to the IEC 
grid potential were measured originating from the asymmetry of the IEC grid.  To study whether 
similar electron energies were measured in HIIPER, the RPA was set up downstream of the 
helicon-IEC grid system.  The outer IEC grid was left floating, and the inner IEC grid potential 
was varied from various representative values: 0.3, 0.6, 1, 2, 3, and 4 kV (again, note that these 
are always assumed negative).  For each IEC grid voltage, multiple electron repeller grid voltages 
were tested, where for each test, the ion repeller grid was swept.  The helicon magnetic field was 
set to 90 G, and justification for this choice is discussed in Section 5.3.3.   
One major goal of these tests was to determine what happens to the RPA’s plate current 
with the ion repeller grid at 0 V and the electron repeller grid at various voltages.  This allowed 
for approximating the energies of the electrons in the flow by calculating the change in the plate 
current.  For example, if the plate current (with ion repeller grid at 0 V and electron repeller grid 
at 0.3 kV) was measured to be 1*10-7 A, and it was then measured to be 3*10-7 A with the electron 
repeller grid raised to 0.6 kV, then approximately 2*10-7 A of current corresponded to electrons 
with energies between 0.3 and 0.6 keV.  With data from multiple tests, this allowed for determining 
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an approximation of the electron energy distribution.  A secondary goal of these tests was to use 
the sweep data to verify that the most probable ion energy stayed approximately constant for the 
different tests.  
Regarding the electron energies, for an IEC grid of 0.3 kV, the resulting smoothed I-V 
traces are shown below in Figure 47.  The plate current (looking only at ion repeller voltage = 0 
V) increased when the electron repeller was made more negative, indicating that electrons had 
been removed from the flow.  Also, note that when the electron repeller grid was at 0 kV, the 
current had some waviness.  This was observed to occur for every case when the electron repeller 
grid was 0 kV, and it was believed to occur due to electrons originating from the helicon section, 
which have inherent noise. 
 
Figure 47. I-V traces, 0.3 kV IEC. 
For an IEC grid of 0.6 kV, the resulting smoothed I-V traces are shown below in Figure 
48.  Again, the current increased when the electron repeller was made more negative.  Using data 
from the currents, an approximate electron energy distribution was created, showing the relative 
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amounts of electrons.  This distribution is shown in Figure 49, and it indicated that a larger amount 
of higher energy electrons was present compared to lower energy electrons. 
 
Figure 48. I-V traces, 0.6 kV IEC. 
 
Figure 49. Electron energy distribution, 0.6 kV IEC. 
 For an IEC grid of 1 kV, the resulting smoothed I-V traces are shown below in Figure 50.  
Again, the current increased when the electron repeller was made more negative.  Additionally, 
for these tests, the electron repeller was also made more negative than the IEC grid potential.  
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When doing this, no further increase in current was measured, indicating that the electron energies 
were no greater than the IEC grid potential.  This correlated with the results from Ulmen.  The 
approximate electron energy distribution is shown in Figure 51, also indicating that most of the 
electrons were at higher energies. 
 
Figure 50. I-V traces, 1 kV IEC. 
 
Figure 51. Electron energy distribution, 1 kV IEC. 
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 For an IEC grid of 2 kV, the resulting smoothed I-V traces are shown below in Figure 52.  
Again, the current increased when the electron repeller was made more negative, and no further 
increase in current was observed when the electron repeller grid was set to a voltage higher than 
the IEC grid, agreeing with the 1 kV IEC grid data’s trend.  The approximate electron energy 
distribution is shown in Figure 53, which shows that a large number of electrons were present at 
higher energies but also at low energies as well.  Setting the IEC grid at 2 kV resulted in the highest 
overall current read by the RPA at this position, indicating perhaps that ions were most focused 
here.  These ions may also have been “dragging out” more low energy electrons from the IEC grid 
section.  
 
Figure 52. I-V traces, 2 kV IEC. 
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Figure 53. Electron energy distribution, 2 kV IEC. 
For an IEC grid of 3 kV, the resulting smoothed I-V traces are shown below in Figure 54.  
Again, the current increased when the electron repeller was made more negative.  However, arcing 
was observed when trying to set the electron repeller voltage to a higher potential than 3 kV, so 
measurements with the electron repeller grid at higher voltages than the IEC grid potential were 
not possible. The approximate electron energy distribution is shown in Figure 55, which shows 
that most electrons were at high energies, with nearly none at low energies.  It is also important to 
note that when the electron repeller voltage was at 0 kV, a negative current was initially measured.  
This indicated that the exhaust was somewhat more negative than positive, in contrast to when the 
inner IEC grid was at 2 kV.  This implies that a quasineutral exhaust (equal numbers of ions and 
electrons) was possible at some point between the inner IEC grid at 2 and 3 kV. 
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Figure 54. I-V traces, 3 kV IEC. 
 
Figure 55. Electron energy distribution, 3 kV IEC. 
 For an IEC grid of 4 kV, the resulting smoothed I-V traces are shown below in Figure 56.  
This data set is incomplete, as setting the electron repeller voltage to a value higher than 1 kV 
resulted in arcing of the power supply. 
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Figure 56. I-V traces, 4 kV IEC. 
 Figure 57 below shows the measured electron currents for each of the different IEC 
voltages.  (This is essentially a summary of the electron energy distributions shown prior, though 
not normalized.)  This shows the relative amounts of electrons present for the different tests.  
 
Figure 57. Comparison of electron currents. 
 For each of the tests discussed above, the most probable ion energy was also computed.  
These results are shown in Figure 58, where the energies are plotted vs. the electron repeller 
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voltages.  Overall, the most probable ion energies were mostly between 180 and 200 eV, with error 
bars of approximately ± 30 to 40 eV (omitted for clarity).  One finding was that the most probable 
ion energy was observed to decrease with increased electron repeller voltage.  This was a 
consequence of the ions traveling through the RPA: as electrons were removed from the exhaust, 
the now-filtered exhaust became less neutralized inside the RPA.  Therefore, the ions slowed down 
and had less energy after passing through the electron repeller grid.  These results indicated that 
the RPA was functioning correctly.   
 
Figure 58. Most probable ion energies. 
It was difficult to say whether the most probable ion energy related to IEC voltage.  In 
general, it appeared somewhat that a higher IEC voltage resulted in a higher most probable ion 
energy.  However, because of the relatively large uncertainties of ± 30 to 40 eV, it was difficult to 
say for certain.   
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5.3.3 Testing various magnetic fields 
Tests were conducted at different magnetic fields to verify that 90 G yielded the largest 
currents measured by the RPA.  For each test, the inner IEC grid was set to 2 kV, and the helicon 
bias was set to 180 V.  The magnetic field was tested at 45, 90, 135, 300, and 900 G.  These 
magnetic fields were chosen because 90 G was observed to result in the highest currents using the 
Langmuir and Mach probes. Values were also chosen slightly higher and lower than 90 G, as well 
as much higher than 90 G to observe the effect of large magnetic fields.   
The results for the 90 G base case are shown below in Figure 59.  A similar test with an 
almost identical setup was already presented above (Figure 52), however these two tests are 
different in that Figure 59 used a secondary electron repeller grid voltage of only 9 V, whereas 
Figure 52 used 18 V.  The reason for this is that it was initially assumed 9 V would be sufficient 
for repelling secondary electrons.  However, after observing a constant positive current offset in 
the data due to secondary electrons not being sufficiently rejected back into the collector [80], it 
was decided to switch the voltage to 18 V.  The tests presented below at different magnetic fields 
were not re-run with 18 V, as the results would only change by an offset.  
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Figure 59. I-V traces, 90 G magnetic field. 
 The results for a 45 G magnetic field are shown in Figure 60.  Overall, the currents were 
smaller than those at 90 G.  Additionally, the ion energies were higher, as evidenced by the steep 
slope occurring for a larger ion repeller voltage.  It was not clear why this occurred, but it was 
likely an outlier due to the bias power supply’s occasional instability.  Another possible 
explanation was that a lower magnetic field resulted in a larger ion Larmor radius, and thus only a 
distribution of very fast-moving ions (moving axially) was able to escape the helicon section. 
 
Figure 60. I-V traces, 45 G magnetic field. 
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 The results for 135, 300, and 900 G magnetic fields are shown in Figure 61, Figure 62, and 
Figure 63, respectively.  Overall, the currents and therefore ion distributions were flat.  This gave 
further support to the theory that 90 G was the optimal magnetic field for HIIPER’s setup. 
 
Figure 61. I-V traces, 135 G magnetic field. 
 
Figure 62. I-V traces, 300 G magnetic field. 
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Figure 63. I-V traces, 900 G magnetic field. 
5.3.4 Sideways inner IEC grid testing 
To verify that the electrons were indeed originating from the IEC grid’s asymmetry and 
not from elsewhere, the inner IEC grid was turned 90º sideways, as shown in Figure 64.  The setup 
was then run with the inner IEC grid at 2 kV, the helicon bias at 180 V, and the magnetic field at 
90 G.  Additionally, this setup also used 9 V for the secondary electron suppression voltage, so a 
constant positive current offset was observed.  Results are shown in Figure 65.  A small current 
was measured, and though the slopes in the I-V traces were evidence that there were ions 
originating from the helicon section, there was no increasing current as shown before when 
increasing the electron repeller grid voltage.  These results therefore indicate that electrons exit the 
asymmetry, as Ulmen had previously stated [29]. 
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Figure 64. Sideways inner IEC grid setup. 
 
Figure 65. IV traces, sideways inner IEC grid. 
5.3.5 Vertical translation testing 
The RPA was set at several different locations to conduct measurements.  Assuming an 
axisymmetric exhaust, the RPA was varied both axially and radially to measure how the exhaust 
changed in space.  A diagram of the different locations is shown in Figure 66.  The radial 
adjustments (“r” direction) were made using a linear motion feedthrough attached to the vacuum 
chamber.  Axial adjustments (“z” direction), which were less easily made, were done by opening 
Asymmetry 
RPA (facing 
the IEC grids) 
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the chamber and moving the RPA farther back via a horizontal beam attached to the linear motion 
feedthrough.  Additionally, it should be mentioned that a more precise way of doing this would 
have been to angle the RPA to constantly face the IEC grids (vs. having it always normal to the z 
direction) regardless of its position in the chamber, however this would have been difficult to 
implement physically. 
 
Figure 66. RPA measurement locations. 
 For these tests, the inner IEC grid voltage was set to 0.3, 1, and 2 kV, while the helicon 
bias was kept constant at 180 V.  Higher IEC grid voltages were considered, however as it was 
sometimes difficult to operate the RPA in the presence of high voltages due to arcing inside the 
chamber, these voltages were omitted from these tests.  The magnetic field used was 90 G.  Overall, 
tests were conducted similarly to the electron energy experiments described in Section 5.3.2, 
though at different locations inside the chamber.  The goals of these experiments were to 
approximate the divergence of the exhaust’s ion and electron populations.  Like before, electron 
currents at various energies were computed, and estimates to the ion currents at these different 
locations were also made.   
92 
 
 Electron currents, which were calculated by subtracting successive RPA plate currents 
when making the electron repeller grid more negative, are shown in Figure 67.  Graphs a, c, and e 
all correspond to the RPA at z = 11 cm, and graphs b, d, and f correspond to the RPA at z = 20 cm 
(see Figure 66 for coordinate system).  I-V traces for all of this data are omitted here for clarity 
but are included in Appendix B.  Measurements at z = 29 cm were also taken, however the resulting 
I-V traces at this location were very noisy.  This was likely either due to a larger degree of radial 
motion at z = 29 cm, preventing straight motion through the RPA and resulting in collisions with 
the RPA grids, or it was due to imperfections in aligning the IEC grids and RPA at such a distance.  
However, despite this noise, slopes were observed in the I-V data that indicated that ions at 
approximately 180 eV were present in the exhaust. 
 
(a) 
 
 
(b) 
 
(c) 
 
 
(d) 
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(e) 
 
(f) 
Figure 67. Currents due to electron energies at different locations. 
 Overall, electron currents were highest along r = 0 and along z = 11 cm, i.e., closest to the 
IEC grid system.  Moving radially from r = 0 to r = 5 cm, the electron currents either dropped or 
sometimes stayed the same.  At r = 5 cm for both z = 11 and 20 cm, there was substantial noise to 
the data when running the inner IEC grid at 2 kV, and no currents were able to be conclusively 
measured.  This was possibly due to impingement on the grids at these angles.  Overall, the largest 
electron currents were observed at the closest points to the IEC grids: along z = 11 cm and at r = 0 
and 2.5 cm.  This indicated an approximate overall angle of 13° relative to the centerline of the 
IEC grid system.  Downstream currents at z = 20 cm were approximately 1/3 the currents at z = 
11 cm, which matched the relative change in area of the RPA collecting plate at these two 
locations.   
 Ion currents were also estimated at these different locations.  These ion currents 
corresponded to plate currents when the electron repeller grid was maximized and the ion repeller 
grid was at 0 V, i.e., when only ions were allowed inside the RPA.  These currents are shown 
below in Figure 68. 
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(a) 
 
(b) 
 
 
(c) 
Figure 68. Ion current estimates for various locations. 
 Overall, the ion currents were observed to be largest along r = 0 and generally smaller at z 
= 20 cm.  Additionally, it was likely that the measured ion currents at z = 20 cm were likely lower 
than reported.  This was due to the buildup of contamination on the RPA’s inner surfaces over 
time, especially on the plate and the grids, which would cause a different behavior to occur with 
regard to secondary electron emission.  Representative images of this contamination (from a 
separate test) are shown in Figure 69.  For the grids shown, contamination on the RPA surfaces 
became so bad that arcing became more predominant during each test, requiring replacement of 
the grids.  In the ion currents discussed above, it was possible that some contamination (to a lesser 
extent than shown in Figure 69) had affected the ion currents.  Because of limitations on timing, 
the RPA’s grids and plates were not replaced for additional testing at z = 20 cm. 
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Figure 69. Left: RPA plate with some surface contamination.  Right: RPA grid with surface contamination. 
 Overall, the ion currents indicated that the ion exhaust was tighter in the cases of the inner 
IEC grid at 0.3 and 2 kV, where the angle of divergence from the IEC system centerline was 
approximately 13°, in contrast to the IEC grid at 1 kV, which showed a more flattened profile with 
an angle greater than 13°.  Additionally, the results showed that the thrust plate diameter of 12 cm 
was sufficient to capture the majority of the exhaust. 
5.3.6 Denser inner IEC grid test 
A variation of the inner IEC grid was tested that had more grid wires on the hemisphere 
facing the helicon plasma (see Figure 70).  This was done to determine whether having more grid 
wires and apertures facing the plasma would extract more ions.  It was believed that this would 
increase the ion current, similar in some regard to an ion thruster grid system, which uses many 
small openings that each extract and eject ions.   
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Figure 70. Left: Dense inner IEC grid, with asymmetry facing the white surface. Right: Grid setup, with 
asymmetry hole highlighted red. 
This setup was tested with the RPA at r = 0 cm, z = 29 cm.  Results indicated substantial 
noise, as was described earlier for other tests at this location for the normal IEC grid.  However, 
no slopes were observed in the data that would indicate the most probable ion energy was 
approximately 180 eV.  This indicated that the dense grid system was not as effective in extracting 
ions as was the typical IEC grid design.  Because of this, tests of the RPA at a position closer to 
the dense IEC grid were omitted.  It was also observed that the dense grid’s power supply showed 
an increase in current compared to the typical IEC grid design.  Because this IEC grid was biased 
negative, this meant that more ions were hitting the grid, and hence not traveling through the grid.  
The main conclusion from this study was that grid geometry plays a role in the effectiveness of 
the ion extraction, and further work would be needed to determine the best design. 
5.3.7 Single inner IEC grid test 
One question in these experiments was whether the outer grid, which was floating, was 
actually necessary for the experiment, as only the inner grid was biased.  For this set of tests, the 
floating outer IEC grid was removed, leaving only the negatively biased inner grid.  The RPA was 
placed in front of the single IEC grid, and tests were run similar to before, where for each IEC 
voltage, several RPA electron repeller grid values were tested.   
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A condensed plot of all these resulting I-V traces is provided in Figure 71.  First, these I-
V traces showed no increase in current when making the electron repeller grid more negative.  
Second, there was no slope in the vicinity of ~180 V (the helicon bias).  These two results indicated 
that the single IEC grid did not emit a beam of electrons, and additionally it did not appear that 
ions were being extracted from the helicon source.  One possible explanation for this was that a 
small increase in current on the IEC grid’s power supply was noted.  This indicated that more ions 
were hitting the grid instead of being extracted through it.  This was possibly because having a 
floating outer grid provided some focusing for the ions, preventing them all from hitting the inner 
IEC grid.  Additionally, for the nested grid design, the ions that did hit the inner IEC grid likely 
hit it on one of the IEC grid’s inner surfaces, generating secondary electrons that exited the inner 
IEC grid’s asymmetry.  Electrons that were generated on the inner surface were forced out of the 
IEC grid’s asymmetry due to the resulting electric field.  Overall, these results indicated that an 
outer grid is necessary for the proper functioning of HIIPER. 
 
Figure 71. I-V trace for single IEC grid. 
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5.4 Torsional balance thrust tests 
This section details the results of the torsional balance.  It should be noted that the reported 
thrust for HIIPER consists of two components: the thrust from the cold gas escaping the helicon 
tube and the thrust from the accelerated plasma.  During testing of HIIPER, the cold gas component 
of the thrust was measured by leaving the thruster off and varying the Ar mass flow rate.  Then, 
the plasma component of the thrust was measured by observing the resulting change in thrust when 
the plasma was turned on. 
5.4.1 Cold gas thrust measurements 
The thrust due to the Ar mass flow rate was measured and is shown in Figure 72.  Here, 
the mass flow rate was varied from 0 to 5 sccm (the rated limit on the mass flow controller).  The 
results show an approximately linear variation of thrust vs. the mass flow rate.  Also, the results 
are on the same order of magnitude as the estimated cold gas thrust at 3 sccm of 8 µN (see Section 
4.2.1).  This indicated that the torsional balance was correctly measuring µN-order thrust levels. 
 
Figure 72. Cold gas thrust vs. mass flow rate. 
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5.4.2 HIIPER thrust measurements 
Next, the plasma component of thrust was measured by varying both the helicon bias grid 
and the inner IEC grid potentials while keeping the magnetic field and RF power constant at 90 G 
and 300 W, respectively.  (Note: unless stated otherwise, the term “thrust” shall refer to the plasma 
component of the thrust, i.e., excluding the cold gas component.)  The helicon bias was varied 
from 160 V up to 400 V, and the inner IEC grid voltage was either left floating or biased from 0.3 
kV to 4 kV (negative).  The measured thrust values ranged from 1.2 to 3 µN (see Figure 73).   
 
Figure 73. Thrust vs. helicon bias, varying inner IEC grid voltage.  Error bars 21% (not shown). 
Overall, thrust was very small.  This was likely due to the plasma wall losses discussed in 
Section 5.1.2.  However, two overall trends were observed.  First, generally a higher IEC voltage 
resulted in a higher thrust value.  One possible explanation for this was that for higher IEC grid 
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voltages, ions were traveling faster near the grid due to the grid potential.  Thus, the space electric 
potential at the location of the torsional balance (relative to the biased IEC grid) would be changing 
depending on the IEC grid voltage.  If the ions had not fully left the region of influence of the IEC 
grid system, a higher thrust force would be measured for higher IEC voltages.  A second possible 
explanation for this behavior was that at higher IEC grid voltages, more secondary electrons were 
being formed from more ion collisions with the grid.  As ions passed through the IEC grid, their 
highest speed was at the center of the IEC grid, at which point they began to slow down due to the 
potential well.  The presence of more electrons forming in the asymmetry would change the 
potential well, allowing ions to retain some of the energy imparted by their transit through the IEC 
grid.  Finally, a third possible explanation for this increased thrust was that at higher IEC grid 
voltages, there could be a low density plasma forming between the biased IEC grid and the 
grounded vacuum chamber wall, which would increase the number of ions available to escape.  To 
determine which explanation(s) was/were truly the reason for this increased thrust, a separate self-
contained version of HIIPER would need to be developed and placed on a thrust stand. 
The second observation from this data was that an increased bias grid voltage resulted in a 
lower thrust value.  The reason for this matches that from the Langmuir probe data: for higher bias 
grid voltages, fewer electrons are available in the helicon section, thus resulting in less overall 
ionization.  To fix this such that an increased bias grid voltage results in a higher thrust force, the 
helicon section would need to be redesigned such that the bias grid is placed in a position where 
no upstream plasma would be generated.  
Next, the RF power was varied for different IEC grid voltages while the bias grid was kept 
constant at a nominal 180 V.  The results indicated that as expected, thrust increased with RF 
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power (see Figure 74).  Thus, a higher RF power produced a larger number of ions, resulting in a 
higher thrust. 
 
Figure 74. Thrust vs. RF power, varying inner IEC grid voltage. Error bars ±21% (not shown). 
Finally, the effect of mass flow rate on thrust was tested (i.e., turning the plasma on at 
different mass flow rates).  The RF power was 300 W, the magnetic field was 90 G, the IEC grid 
was 2 kV, and the helicon bias grid was 180 V.  The mass flow rate was varied from 1 to 3 sccm 
(0.03 mg/s to 0.1 mg/s), resulting in an approximately linear increase in thrust (see Figure 75), 
which matched predictions. 
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Figure 75. Thrust vs. mass flow rate (plasma on).  
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Chapter 6 Computational studies 
6.1 IEC computational studies 
Numerical studies for IEC fusion applications have mostly consisted of examining ion 
motion/containment with IEC grids [25].  IEC simulation studies that are similar to HIIPER’s setup 
are currently being conducted at the University of Maryland by Chap and Sedwick [82] [83].  
These simulations, though being done for typical IEC fusion applications, involve concentric IEC 
grids for focusing ions and simulate the resulting behavior of both ions and electrons.  The electric 
field from the biased IEC grids is calculated using Poisson’s equation, and particle motion is done 
with a particle-in-cell (PIC) code that also incorporates Coulomb collisions [83], though a hybrid 
PIC code has also been developed that uses electrons as a fluid [82]. 
Development of a similar code for HIIPER was outside the scope of this project.  However, 
the multiphysics program COMSOL was used instead to examine several different aspects of the 
experiments.  COMSOL had previously been used to study IEC grid design for earlier iterations 
of HIIPER as well as to study aspects of certain experimental diagnostics [29] [31] [84] [49].  One 
limitation of COMSOL was that its settings could not be edited to the same degree as a specialized 
plasma code, such as the one used by Chap described above.  Additionally, a large number of 
particles would result in a very long computation time, especially if ions and electrons were used 
together (both simulated as particles), due to a very small time step needed for electron motion.  
Thus, COMSOL simulations were limited to studying qualitative behavior of certain experimental 
aspects.  Ions and electrons were part of the simulations, but not both at the same time.  The 
computational work in this chapter is summarized below in Table 7. 
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Table 7. COMSOL simulation studies summary. 
Section Study Purpose 
6.2.1 Electron motion inside IEC 
grid 
Study the motion of electrons in the IEC 
grid, i.e., whether they exit the asymmetry. 
6.2.2 Ion impingement on IEC grid Determine the relative amount of ions that 
hit the IEC grids. 
6.2.3 Downstream ion velocities Compare computational ion velocities 
against experimental RPA measurements and 
understand the potential well of HIIPER’s 
setup. 
 
6.2 Results 
6.2.1 Electron motion inside IEC grid 
One study performed with COMSOL was examining the motion of electrons in the IEC 
grid system.  First, the electric field from the biased IEC grid system was calculated from Laplace’s 
equation: 
 𝛻2𝑉 = 0 (6.1) 
(For these relatively simple electron motion studies, it is reasonable to leave the charge density out 
of the simulation.)  The resulting force on electrons is then 
 𝑭 = 𝑒(−𝛻𝑉) (6.2) 
The goal of this analysis was to determine whether electrons preferentially escaped along 
the asymmetry of the negatively biased inner IEC grid.  To study this, a 3D model of the IEC grids 
was created in COMSOL.  A 3D model of the grids without the asymmetry was also created.  
These are shown in Figure 76.  For both cases, electrons were placed all along the inner boundaries 
of the inner IEC grid, which was nominally biased to -1 kV.  The electrons were given a nominal 
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initial energy of 5 eV pointing normal to the IEC grid wires (toward the inside of the grid).  For 
both sets of grids, non-physical planes were set up enclosing the grids, and by running a time-
dependent study, the electron flux across each plane was counted. 
 
Figure 76. Left: IEC grids model, no asymmetry.  Right: IEC grids model, asymmetry on right side. 
For the case of the IEC grids with no asymmetry, approximately 20% of the electrons exited 
the plane of the would-be asymmetry.  For the case of the IEC grids with the asymmetry, 
approximately 31% of the electrons exited that plane.  The electron trajectories and corresponding 
velocities are shown in Figure 77, where the left image is with no asymmetry, and the right image 
is with the asymmetry.  As circled, there was a noticeable increased amount of electrons exiting 
the direction with the asymmetry.  It should also be noted that this study was qualitative: the 
increased flux of electrons through the asymmetry was the only figure of merit- the actual 
percentages of electrons exiting the planes are likely somewhat different, due to the trajectories of 
the ions hitting the grid wires.  Overall, these results indicated that the design of the IEC grids is 
important regarding influencing the direction of the electrons generated from collisions with the 
grids. 
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Figure 77. Left: Electron trajectories and velocities, no asymmetry.  Right: Same, but with asymmetry exit 
circled. 
6.2.2 Ion impingement on IEC grids 
During testing, the power supply connected to the inner IEC grid was in voltage mode, 
meaning the power supply current varied.  This power supply current was proportional to the 
number of ions impinging on the negatively biased grid and thus the number of secondary electrons 
being generated by these collisions.  The power supply current was observed to be higher for two 
cases: more negative IEC grid voltages (more negative voltages meant more ions being attracted 
to the grid); and IEC grids with more wires (more surface area for ions to hit).  These conditions 
were simulated with the same 3D asymmetric IEC grid model discussed in 6.2.1.  An inlet of ions 
was specified on the upstream side of the grids, and a time dependent study was set up to track the 
number of ions passing through the IEC grids vs. hitting them.  An example of the ion motion is 
shown in Figure 78. 
107 
 
 
Figure 78. Ion trajectories through IEC grid. 
Using an initial ion energy of 180 eV and an inner IEC grid voltage of -1 kV, 17% of the 
initial ions were observed to hit the grid wires.  Using an IEC grid voltage of -4 kV resulted in 
31% of the ions hitting the wires.  Furthermore, changing the inner IEC grid to a denser design (at 
-1 kV bias) resulted in 43% of the ions hitting the grid.  It should be noted that these simulations 
were qualitative, similar to the electron studies.  Additionally, these simulations were meant to 
mimic the initial helicon ions hitting the IEC grid wires on the first pass through, i.e., before any 
secondary electrons were generated.  Thus, the ion and electron trajectories after the subsequent 
grid collisions were not modeled.  Overall however, these increased ion impact amounts matched 
the experimental behavior described above.  It should be noted that these simulations were not 
used to estimate grid erosion of the nickel IEC grids.  Estimates on grid lifetimes is an area of 
future work. 
6.2.3 Ion velocities 
A 2D model of the experiment was created in COMSOL with the goal to observe ion 
trajectories and velocities through the whole experiment.  (A 3D model was considered, however 
the computation time would have been longer, so it was not used.)  The helicon section was 
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approximated by simulating a magnetic field in the region, resulting in a force on the ions given 
by 
 𝑭 = 𝑒𝒗 × 𝑩 (6.3) 
It should be noted that the helicon section itself, i.e., a full plasma simulation of the helicon wave 
motion etc., was not simulated in COMSOL.  Instead, the simulation only included ions traveling 
from the upstream end of the helicon bias.  An image of the setup is shown in Figure 79, which 
also illustrates a contour plot of the electric potential, which again only assumes Laplace’s 
equation.  Here, the inner IEC grid was set to a nominal -1 kV bias, and the upstream helicon bias 
is shown at 180 V.  To better describe the potential well of the setup, a 1D plot was also generated 
along the r = 0 line, shown in Figure 80.  Again, because only Laplace’s equation was used and 
the charge density of the plasma was not taken into consideration, these potential well diagrams 
are only considered an approximation of the experiment.  The actual plasma charge density would 
likely be more positive near the exit of the helicon due to exiting ions.  Inside the IEC grids and in 
the exhaust, ions and electrons are present at varying populations depending on the IEC grid 
potential.  The charge density could be more positive (indicating more ions than electrons) or 
negative (indicating more electrons than ions). 
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Figure 79. Contour plot of electric potential. 
 
Figure 80. Potential well along r = 0 line/flow axis. 
 Ions were numerically added at the helicon bias grid, and their downstream velocities were 
compared as a function of the helicon bias.  These simulations showed good agreement with 
expected data, which also matched well with the experimental RPA measurements.  This is 
illustrated in Figure 81, which shows the ion velocity using a 90 V helicon bias vs. that using a 
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180 V helicon bias.  The two downstream velocities are approximately equal to the expected 
21,000 m/s and 29,000 m/s respective theoretical values. 
 
Figure 81.  Left: Ion motion for 90 V bias.  Right: Ion motion for 180 V bias. 
6.2.4 Summary 
Overall, these results indicate that simulations can be used to further optimize the design 
of HIIPER.  In conjunction with experimental results, the 3D models can help determine optimal 
grid designs for electron ejection and ion extraction.  To first order accuracy, the 2D model can be 
used to examine the downstream ion velocity as a function of grid potentials.  Further effort to 
combine electrons and ions into one simulation would be very beneficial, as it would show the 
interaction of helicon ions and electrons from the IEC grid. 
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Chapter 7 Analysis and Suggested Future Design 
7.1 Analysis 
The results from these experiments showed that electrons and ions were measured in the 
exhaust, with ion energies equal to the helicon bias voltage and electron energies on the order of 
the inner IEC grid voltage.  However, thrust values were very small, yielding thruster efficiencies 
of well under 1%.  The reasoning for this was due to the ion losses to the vacuum chamber in the 
section connecting the helicon source with the IEC grids, as well as a drop in ionization due to an 
upstream plasma being generated.  Helicon thrusters at a few hundred watts of power have been 
measured to have efficiencies of a few percent [85] [19] [86], and it is expected that by reducing 
HIIPER’s ion losses, the efficiency could at least be improved to these other values. 
As mentioned, an exhaust consisting of ions and electrons was measured.  This means that 
it is likely that IEC grids could be used for ion extraction as well as neutralizing the resulting 
exhaust.  During testing, the power supply current on the inner IEC grid was measured to increase 
when making the voltage more negative.  This implied that the source of electrons in the exhaust 
was ion-grid collisions.  One unknown that was not determined during these tests was the IEC grid 
erosion rate.  The grids were weighed before and after test segments, however the changes in mass 
were measured to be very small.  This was likely due to the ion losses in the chamber.  I.e., if these 
losses did not exist, more ions would have been extracted, and thus a higher amount of ions would 
have impinged on the grids, allowing for a more definitive estimate on the grid erosion.  
Understanding grid erosion would better define the use of IEC grids as extractors and neutralizers 
for space propulsion.  Should grid erosion not be a limiting factor, implementing an IEC grid setup 
could allow for simpler power systems for space propulsion applications. 
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Overall, the goals of the thesis have been met.  HIIPER in its current form has a low 
efficiency due to currently unchangeable aspects related to the facility and helicon source.  
However, ion extraction and electron generation via IEC grids have been demonstrated.  Thrust 
measurements, though small in value, demonstrated trends regarding the behavior of HIIPER.  
Further effort to increase the performance of HIIPER is possible, which would improve its 
capabilities.  These results lay the groundwork for further research and the eventual development 
of an engineering design of this system. 
7.2 Proposed new design and expected performance 
There are several avenues of improvements that would give HIIPER better performance.  
Mainly, a self-contained version of the thruster has to be made, i.e., where the thruster could be 
mounted to a thrust stand.  In this thruster, the helicon source tube would have to be shortened to 
reduce ion losses, and additionally, the tube would need to exhaust directly to the IEC grids.  A 
bias plate would be needed on the upstream end of the helicon source instead of a bias grid.  
Additionally, a magnet setup would need to extend the whole length of the helicon tube.  Using 
permanent magnets would be beneficial in terms of improved efficiency, however, for testing 
purposes an electromagnet setup would be better.  Additionally, the magnets and helicon tube 
would need to be designed such that the magnetic field lines would not intersect/would minimally 
intersect the tube walls.  A larger amount of RF power would also increase ionization efficiency.  
The IEC grid setup would stay the same, with a floating outer grid and a negatively biased inner 
grid.  However, the setup would need to allow for interchanging various IEC grids for purposes of 
determining optimal IEC grid design. A qualitative image of the proposed design is shown below 
in Figure 82.  Note that details such as power connections for the helicon antenna and IEC grids 
are not shown.  It should also be mentioned that with the added complications of propellant lines 
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and power cables, thrust measurements would be more difficult.  Additionally, the added mass of 
a thruster would necessitate a design change in the torsional balance, as more counterweight mass 
would be required, which may be too much weight for the flexural pivots to hold. 
 
Figure 82.  Proposed next iteration design of HIIPER.  
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Chapter 8 Conclusions 
8.1 Summary of conclusions 
A summary of conclusions for the experiments is listed below: 
Langmuir probe 
• Plasma density measurements inside the helicon source indicated that helicon mode was 
achieved, with optimum density measurements at 90 G magnetic field.  
• The setup of the helicon source and bias grid likely resulted in downstream plasma losses 
when making the bias grid more positive.  Additionally, ~97% of ions generated in the 
helicon source were lost to the grounded chamber walls downstream. 
• The ionization fraction of the helicon source was estimated between 0.5% and 5% (smaller 
than the initial rough estimate of 10%), with further improvement possible using a better 
helicon setup and more RF power. 
Mach probe 
• The ion speed at the interface between the helicon and IEC grid sections was observed to 
qualitatively increase for increased helicon bias voltage and IEC grid voltage. 
RPA 
• Electrons and ions were measured in the exhaust, with ion energies equal to the helicon 
bias voltage and electron energies on the order of the inner IEC grid voltage.  Electron 
energy distributions were also generated.  Quasineutral exhaust conditions were measured 
to occur with the inner IEC grid between 2 and 3 kV (negative). 
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• Moving the RPA radially and axially relative to the IEC grid system permitted obtaining 
electron energy distributions at these different locations.  The divergence of the ions and 
electrons were roughly estimated at a half-angle divergence of 13°. 
• Turning the inner IEC grid sideways 90° indicated that electrons were not being measured, 
and few ions were being extracted from the helicon source.  Using a denser IEC grid and a 
single biased IEC grid indicated that ions and electrons were not being measured in the 
exhaust.  These results together showed that electrons were exiting the IEC grid asymmetry 
and that proper IEC grid design is critical in obtaining an exhaust of ions and electrons. 
Torsional balance 
• A torsional balance measured two components of thrust: a cold gas component that varied 
linearly with mass flow rate and a plasma component that varied with experimental 
parameters. 
• Thrust from turning on the plasma ranged within a few micronewtons.  An increased 
helicon grid bias was shown to decrease thrust, which was likely due to the upstream 
plasma losses discovered with the Langmuir probe.  An increased inner IEC grid bias was 
shown to increase thrust for a few possible reasons.  A better understanding of this 
mechanism would be gained with a self-contained HIIPER design (vs. HIIPER’s current 
setup of just the exhaust).  Thrust also was measured to increase with RF power and argon 
mass flow rate. 
• Higher thrust values would be achieved if ion losses in the chamber were minimized. 
COMSOL simulations 
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• Electrons placed inside the IEC grid preferentially escaped along the asymmetry. 
• The design of the IEC grids affected the number of ions hitting the grid wires. 
• Downstream ion velocities approximately matched results from experimental data. 
Taken together, these results successfully showed ion extraction of a helicon source with 
IEC grids while also generating a high energy electron exhaust.  Low efficiency was measured, 
however the performance can be improved through several methods, as described in the next 
section.  Performance could likely be improved to at least a few percent efficiency, similar to other 
helicon thrusters of this power level.  However, as Williams showed with his gridded helicon 
thruster improving the efficiency of a gridless helicon thruster, the use of IEC grids as ion 
extractors would likely improve HIIPER’s efficiency past other helicon thrusters.  Additionally, 
HIIPER’s grid design demonstrates an innovative method for extracting ions and neutralizing the 
exhaust, potentially allowing for a simpler power system design than a standard electric propulsion 
thruster using a neutralizer cathode. 
8.2 Avenues of future work 
There are several areas of future work: 
• Most importantly, creation of a self-contained thruster that could be mounted inside a 
chamber would be ideal.  This thruster would minimize ion losses present in the current 
HIIPER setup, and it would also allow for placing the thruster on a thrust stand, which 
would provide more accurate thrust measurements. 
• Due to ion losses inside the chamber, it was likely that the majority of ions were not 
reaching the IEC grid section.  Because of this, the number of ions hitting and thus 
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eroding the IEC grid system was not very high.  Using a setup with fewer ion losses 
would permit studying the grid erosion rate, which is necessary for fully understanding 
the lifetime of HIIPER. 
• Aside from the above improvements, optimization of HIIPER would entail more study 
of possible IEC grid designs while also using a higher RF power level (which would 
require upgrades of the current experimental facilities).  Additionally, the helicon 
source could be redesigned to reduce power losses to the helicon walls. 
• Tests in different vacuum chambers at lower background pressures would yield results 
more similar to space conditions.  Additionally, lower background pressures would 
allow for using higher mass flow rates. 
• For these tests, an emissive probe to measure plasma potential was constructed but not 
used due to time limitations.  A study of plasma potential along the centerline of the 
thruster would help further describe the experiment. 
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Appendices 
Appendix A: MATLAB codes for Langmuir and RPA analyses 
This section provides the MATLAB codes used for analyzing the Langmuir probe and RPA 
data.  These codes are specific to the experiments that were run.  Should anyone decide to use 
these codes for future analysis, it is up to the user to understand how each line of the code works, 
as some portions of the code have been specifically tailored for HIIPER analysis. 
LangChenMethod.m 
% Langmuir probe data analyzer 
% by Drew Ahern, May 2017 
  
% References on polyfit, polyval, taking derivatives: 
% https://www.mathworks.com/help/matlab/ref/polyfit.html 
% https://www.mathworks.com/help/matlab/ref/polyval.html 
% https://www.mathworks.com/matlabcentral/newsreader/view_thread/275526 
% https://www.mathworks.com/matlabcentral/answers/72828-how-do-i-take-the-derivative-of-my-plot 
  
clear 
close all 
  
%% Read raw data file 
  
[FileName,PathName] = uigetfile('*.csv');  % user selects csv file 
[raw_time,raw_Ch1,raw_Ch2] = importfile([PathName,FileName]);  % use importfile function to get 3 
data columns: time, Ch1 voltage, & Ch2 voltage (possibly also difference in voltages) 
% R = 109300;  % resistor's resistance (ohm) 
% R = 10567;  % resistor's resistance (ohm) 
R = 5000;  % resistor's resistance (ohm) 
x_raw = raw_Ch2;  % raw Vprobe (V) 
y_raw = (raw_Ch2-raw_Ch1)/R;  % raw I (A) 
  
  
%% Filter options - comment out the ones that aren't used 
  
% Moving average fitting 
span_set = 500;  % span value 
y_fit = smooth(x_raw,y_raw,span_set,'moving'); 
data_fit = [x_raw y_fit];  % temp variable for removing duplicate data 
data_fit = unique(data_fit,'rows');  % remove duplicate rows 
x_fit = data_fit(:,1);  % fitted Vprobe (V) 
y_fit = data_fit(:,2);  % fitted I (A) 
  
% % % % % Polynomial fitting 
% % % % n = 7;  % polynomial order 
% % % % [p,S,mu] = polyfit(x_raw,y_raw,n);  % nth order poly fit  
% % % % x_fit = (min(x_raw):0.1:max(x_raw))';  % create V values for fitted line 
% % % % [y_fit,delta] = polyval(p,x_fit,S,mu);  % fitted I values 
  
% % % % % Savitzky-Golay fitting 
% % % % span = 0.03; % not sure about span value- picked 3% here 
% % % % y_fit = smooth(x_raw,y_raw,span,'sgolay',1);  % smoothing raw data with 3% span and 1st 
order S-G 
% % % % data_fit = [x_raw y_fit];  % fitted data, with duplicates 
% % % % data_fit = unique(data_fit,'rows');  % remove duplicate rows 
% % % % x_fit = data_fit(:,1);  % fitted V values 
% % % % y_fit = data_fit(:,2);  % fitted I values 
  
  
%% Plotting I-V data 
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hold on 
set(gca,'fontsize',14) 
plot(x_raw,y_raw)  % raw I-V 
plot(x_fit,y_fit,'LineWidth',2)  % fitted I-V 
ylabel('I (A)','FontSize', 16); 
xlabel('V (V)','FontSize', 16); 
title('I-V trace','FontSize', 18); 
legend('Raw data','Fitted data') 
hold off 
  
  
%% Either input floating potential or automatically find it 
  
% Vf_options = input('Enter measured floating voltage, or leave blank if auto find:\n');  % user 
inputs Vf or choose not to 
% if isempty(Vf_options) == 1  % if user leaves input blank, then automatically find Vf 
    Vf_options_index = find(diff(y_fit>0));  % Vf is where sign changes (looking at fitted data 
only) 
    Vf_options = x_fit(Vf_options_index);  % there may be several possible options for Vf- this 
lists them 
% else 
%     L = abs(x_fit-Vf_options) <= .5;  % term used to find closest V_fit value to input value 
%     Vf_options_index = find(L);  % finds this closest value 
% end 
  
  
%% Plot I^2 vs. V, then compute n 
  
% Misc parameters 
mu = 40;  % Ar --> 40 [amu] 
probe_diam = 0.254*1e-3;  % probe diameter [m] 
probe_rad = probe_diam/2;  % probe radius [m] 
probe_length = 7*1e-3;  % probe length [m] 
probe_area = 2*pi*probe_rad*probe_length;  % probe area [m^2] 
  
% Plot V vs. I^2 
I_squared = y_fit.^2;  % compute I^2 
figure 
plot(x_fit,I_squared) 
ylabel('I^2 (A^2)'); 
xlabel('V (V)'); 
title('I^2 vs. V') 
  
% Get points to make fitted line for slope calculation and thus density 
I_ion_V1 = input('Enter 1st voltage for ion current line extrapolation:\n');  % user inputs first 
point for creating an ion current trend line 
I_ion_V1_index = find(abs(x_fit-I_ion_V1)<0.5);  % find corresponding index 
I_ion_V1_index = I_ion_V1_index(end);  % take the last value if there are multiple options 
I_ion_V2 = input('Enter 2nd voltage for ion current line extrapolation:\n');  % user inputs 
second point for creating an ion current trend line 
I_ion_V2_index = find(abs(x_fit-I_ion_V2)<0.5);  % find corresponding index 
I_ion_V2_index = I_ion_V2_index(end);  % take the last value if there are multiple options 
  
x_fit_n = x_fit(I_ion_V1_index:I_ion_V2_index);  % look only at V values inside points chosen 
above 
I_squared_n = I_squared(I_ion_V1_index:I_ion_V2_index);  % look only at I^2 values inside points 
chosen above 
[p_n,S_n,mu_n] = polyfit(x_fit_n,I_squared_n,1);  % calculate linear fitted line 
[n_line,delta_n] = polyval(p_n,x_fit_n,S_n,mu_n);  % polyval above over x_fit_n 
  
n_slope = -(n_line(end)-n_line(1))/(x_fit_n(end)-x_fit_n(1));  % negative of the slope 
n = pi*sqrt(n_slope*6.6335e-26)/(probe_area*1.602e-19^(3/2)*sqrt(2));  % calculating n [m^3] 
  
% R-squared calc for line, from https://www.mathworks.com/help/matlab/data_analysis/linear-
regression.html 
yresid = I_squared_n - n_line; 
SSresid = sum(yresid.^2); 
SStotal = (length(I_squared_n)-1)*var(I_squared_n); 
rsq_n = 1 - SSresid/SStotal; 
  
  
%% Plot I^2 vs. V and fitted line 
  
figure 
hold on 
set(gca,'fontsize',14) 
plot(x_fit_n,I_squared_n) 
plot(x_fit_n,n_line) 
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hold off 
legend('I^2','Line fit') 
xlabel('V (V)','FontSize', 16); 
ylabel('I^2 (A^2)','FontSize', 16); 
title('I^2 vs. V','FontSize', 18); 
  
  
%% Calculate electron current 
  
[I_squared_fit_total,delta_n2] = polyval(p_n,x_fit,S_n,mu_n);  % calculate I^2 for entire length 
I_ion_fit = sqrt(I_squared_fit_total);  % square root this to get ion current 
% figure 
% hold on 
% set(gca,'fontsize',14) 
% plot(x_fit,y_fit) 
% plot(x_fit,I_ion_fit) 
% hold off 
% legend('I','I_ion fit') 
% xlabel('V (V)','FontSize', 16); 
% ylabel('I (A)','FontSize', 16); 
% title('I vs. V w/fitted ion I','FontSize', 18); 
I_e = y_fit-I_ion_fit;  % calculate electron current as total current - ion current 
ln_I_e = log(I_e);  % natural log electron current 
  
% Plot V vs. ln(I_e) 
figure 
set(gca,'fontsize',14) 
plot(x_fit,ln_I_e) 
xlabel('V (V)','FontSize', 16); 
ylabel('ln(I_e)','FontSize', 16); 
title('ln(I_e) vs. V','FontSize', 18); 
  
ln_I_e_V1 = input('Enter 1st voltage for ln(I_e) line extrapolation:\n');  % user inputs first 
point for creating a ln(I_e) trend line 
ln_I_e_V1_index = find(abs(x_fit-ln_I_e_V1)<0.5);  % find corresponding index 
ln_I_e_V1_index = ln_I_e_V1_index(end);  % take the last value if there are multiple options 
ln_I_e_V2 = input('Enter 2nd voltage for ln(I_e) line extrapolation:\n');  % user inputs second 
point for creating a ln(I_e) trend line 
ln_I_e_V2_index = find(abs(x_fit-ln_I_e_V2)<0.5);  % find corresponding index 
ln_I_e_V2_index = ln_I_e_V2_index(end);  % take the last value if there are multiple options 
  
x_fit_Te = x_fit(ln_I_e_V1_index:ln_I_e_V2_index);  % look at V between two points chosen above 
ln_e_Te = ln_I_e(ln_I_e_V1_index:ln_I_e_V2_index);  % look at ln(I_electron) terms between two 
points chosen above 
[p_Te,S_Te,mu_Te] = polyfit(x_fit_Te,ln_e_Te,1);  % calculate linear fitted line 
[Te_line,delta_Te] = polyval(p_Te,x_fit_Te,S_Te,mu_Te);  % polyval above 
Te = ((Te_line(end)-Te_line(1))/(x_fit_Te(end)-x_fit_Te(1)))^-1;  % electron temperature = 
inverse of line's slope 
  
% R-squared calc for line, from https://www.mathworks.com/help/matlab/data_analysis/linear-
regression.html 
yresid = ln_e_Te - Te_line; 
SSresid = sum(yresid.^2); 
SStotal = (length(ln_e_Te)-1)*var(ln_e_Te); 
rsq_Te = 1 - SSresid/SStotal; 
  
  
%% Plot ln(I_e) and fitted line 
  
figure 
hold on 
set(gca,'fontsize',14) 
plot(x_fit_Te,ln_e_Te) 
plot(x_fit_Te,Te_line) 
hold off 
legend('ln(I_e)','Line fit') 
xlabel('V (V)','FontSize', 16); 
ylabel('ln(I_e)','FontSize', 16); 
title('ln(I_e) vs. V','FontSize', 18); 
  
  
%% Plasma potential calculation 
  
vth = sqrt(2*1.602e-19*Te/9.11e-31);  % electron thermal velocity [m/s] 
Vplasma1 = x_fit_Te(1) - 1.602e-19*Te*(ln_e_Te(1) - log(n*1.602e-19*vth));  % calculating Vplasma 
on bottom end of fitted Te line 
Vplasma2 = x_fit_Te(end) - 1.602e-19*Te*(ln_e_Te(end) - log(n*1.602e-19*vth));  % calculating 
Vplasma on top end of fitted Te line 
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Vplasma = (Vplasma1 + Vplasma2)/2;  % taking average of two values to get V plasma 
  
% Output data; note: see Chen 2012 regarding Vfloating 
  
sprintf('%s\nn = %0.3e m^-3\nR^2 = %f\n',[PathName FileName], n,rsq_n) 
sprintf('Te = %f eV\nR^2 = %f\n', Te,rsq_Te) 
sprintf('Vplasma = %0.1f V\nVf = %0.1f V',Vplasma,Vf_options(end))   
  
forcsv = [n, rsq_n, Te, rsq_Te, Vplasma, Vf_options(end)]; 
csvwrite('LangChen.csv',forcsv); 
 
importfile.m (used for the Langmuir probe code above) 
function [TIME,CH1,CH2,MATH] = importfile(filename, startRow, endRow) 
%IMPORTFILE Import numeric data from a text file as column vectors. 
%   [TIME,CH1,CH2,MATH] = IMPORTFILE(FILENAME) Reads data from text file 
%   FILENAME for the default selection. 
% 
%   [TIME,CH1,CH2,MATH] = IMPORTFILE(FILENAME, STARTROW, ENDROW) Reads data 
%   from rows STARTROW through ENDROW of text file FILENAME. 
% 
% Example: 
%   [TIME,CH1,CH2,MATH] = importfile('TEK00003.CSV',2, 10001); 
% 
%    See also TEXTSCAN. 
  
% Auto-generated by MATLAB on 2017/05/12 11:33:03 
  
%% Initialize variables. 
delimiter = ','; 
if nargin<=2 
    startRow = 2; 
    endRow = inf; 
end 
  
%% Format for each line of text: 
%   column1: double (%f) 
%   column2: double (%f) 
%   column3: double (%f) 
%   column4: double (%f) 
% For more information, see the TEXTSCAN documentation. 
formatSpec = '%f%f%f%f%[^\n\r]'; 
  
%% Open the text file. 
fileID = fopen(filename,'r'); 
  
%% Read columns of data according to the format. 
% This call is based on the structure of the file used to generate this 
% code. If an error occurs for a different file, try regenerating the code 
% from the Import Tool. 
dataArray = textscan(fileID, formatSpec, endRow(1)-startRow(1)+1, 'Delimiter', delimiter, 
'EmptyValue' ,NaN,'HeaderLines', startRow(1)-1, 'ReturnOnError', false, 'EndOfLine', '\r\n'); 
for block=2:length(startRow) 
    frewind(fileID); 
    dataArrayBlock = textscan(fileID, formatSpec, endRow(block)-startRow(block)+1, 'Delimiter', 
delimiter, 'EmptyValue' ,NaN,'HeaderLines', startRow(block)-1, 'ReturnOnError', false, 
'EndOfLine', '\r\n'); 
    for col=1:length(dataArray) 
        dataArray{col} = [dataArray{col};dataArrayBlock{col}]; 
    end 
end 
  
%% Close the text file. 
fclose(fileID); 
  
%% Post processing for unimportable data. 
% No unimportable data rules were applied during the import, so no post 
% processing code is included. To generate code which works for 
% unimportable data, select unimportable cells in a file and regenerate the 
% script. 
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%% Allocate imported array to column variable names 
TIME = dataArray{:, 1}; 
CH1 = dataArray{:, 2}; 
CH2 = dataArray{:, 3}; 
MATH = dataArray{:, 4}; 
 
RPAsmooth.m 
clear 
close all 
  
R = 5.01e3;  % resistor value (ohms) 
  
% Import file 
[FileName,PathName] = uigetfile('*.csv');  % user selects csv file 
z = importfile_RPA([PathName,FileName]);  % use importfile_RPA function to get data columns in 
variable z 
z.Time = datetime(z.Time,'InputFormat','M/d/yyyy H:mm:ss:SSS');  % read time correctly 
z.Time = datenum(z.Time);  % put time in numerical form 
  
% Filter out the data not in the sweep 
sweep_min = find(z.BOPsweepVVDC==min(z.BOPsweepVVDC));  % find lowest point of sweep 
sweep_max = find(z.BOPsweepVVDC==max(z.BOPsweepVVDC));  % find highest point of sweep 
z = z(sweep_min:sweep_max,:);  % set up z to just be the sweep values 
  
% Adjusting and setting x and y data (x is voltage, y is current) 
x_raw = z.BOPsweepVVDC*0.899948;  % factor included because HV probe is not accurate (verified 
w/Keithley 2000 multimeter) 
y_raw = z.RPAplateIVDC/R;  % y data is current, therefore divide dV by R 
  
% Savitzky-Golay fitting 
span = 0.03; % picked 3% span here 
% span = 0.015; % picked 3% span here 
y_fit = smooth(x_raw,y_raw,span,'sgolay',1);  % smoothing raw data with 3% span and 1st order S-G 
data_fit = [x_raw y_fit];  % fitted data, with duplicates 
data_fit = unique(data_fit,'rows');  % remove duplicate rows 
x_fit = data_fit(:,1);  % fitted V values 
y_fit = data_fit(:,2);  % fitted I values 
  
% Plotting raw I-V and fitted I-V 
hold on 
plot(x_raw,y_raw,'.')  % raw data 
plot(x_fit,y_fit,'LineWidth',2)  % fitted data 
ylabel('I (A)'); 
xlabel('V (kV)'); 
title([FileName],'Interpreter','none')  % plot title is filename 
legend('Raw data','Fitted data') 
% % % ylim([-8e-7 8e-7]) 
% ylim([-8e-8 8e-8]) 
% % % xlim([0 1.2]) 
xlim([0 .5]) 
hold off 
  
% Differentiate data  
dy_fit = -diff(y_fit)./diff(x_fit);  % calculate negative slope array by taking difference 
between adjacent values 
dy_fit_fit = smooth(x_fit(2:end),dy_fit,.05,'sgolay',1);  % smooth the slope using S-G method 
with 5% span 
% dy_fit_fit = smooth(x_fit(2:end),dy_fit,.025,'sgolay',1);  % smooth the slope using S-G method 
with 5% span 
  
% Plot -slope data 
figure 
plot(x_fit(2:end),dy_fit_fit) 
ylabel('-dI/dV'); 
xlabel('V (kV)'); 
title('-dI/dV vs. V') 
xlim([0 .5]) 
  
% Automatically find most probable potential 
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V_most_prob = x_fit(1+find(dy_fit_fit==max(dy_fit_fit)));  % most prob V is at extrema of slope 
data 
peak_current = max(y_fit);  % for comparing between data sets 
  
% Automatically calculate half width half maximum (HWHM) 
HWHM_max = dy_fit_fit(find(dy_fit_fit==max(dy_fit_fit)));  % find the peak slope y value     
HWHM_halfmax = HWHM_max/2;  % calculate the half-maximum y value 
HWHM_halfmax_index = find(abs(dy_fit_fit - HWHM_halfmax) < 3e-8)  % find approx. where (on x) the 
half-maximum y value is found 
HWHM_halfmax_index = HWHM_halfmax_index(end);  % take the last value if there are multiple 
options 
HWHM = abs(x_fit(1+HWHM_halfmax_index) - V_most_prob);  % calculate HWHM 
  
sprintf('%s\nPeak current is %0.2e A\nV_most_prob = %0.1f ± %0.1f V',[PathName 
FileName],peak_current,1e3*V_most_prob,1e3*HWHM) 
 
 
 
importfile_RPA.m (used for the RPA code above) 
function tableout = importfile(workbookFile,sheetName,startRow,endRow) 
%IMPORTFILE Import data from a spreadsheet 
%   DATA = IMPORTFILE(FILE) reads data from the first worksheet in the 
%   Microsoft Excel spreadsheet file named FILE and returns the data as a 
%   table. 
% 
%   DATA = IMPORTFILE(FILE,SHEET) reads from the specified worksheet. 
% 
%   DATA = IMPORTFILE(FILE,SHEET,STARTROW,ENDROW) reads from the specified 
%   worksheet for the specified row interval(s). Specify STARTROW and 
%   ENDROW as a pair of scalars or vectors of matching size for 
%   dis-contiguous row intervals. To read to the end of the file specify an 
%   ENDROW of inf.% 
% Example: 
%   DataInstrINSTR5262017152951t2 = importfile('Data Instr INSTR 5_26_2017 
15_29_51_t2.xlsx','Data Instr INSTR 5_26_2017 15_2',12,1211); 
% 
%   See also XLSREAD. 
  
% Auto-generated by MATLAB on 2017/05/29 12:05:48 
  
%% Input handling 
  
% If no sheet is specified, read first sheet 
if nargin == 1 || isempty(sheetName) 
    sheetName = 1; 
end 
  
% If row start and end points are not specified, define defaults 
if nargin <= 3 
    startRow = 12; 
    endRow = 1211; 
end 
  
%% Import the data 
[~, ~, raw] = xlsread(workbookFile, sheetName, sprintf('A%d:F%d',startRow(1),endRow(1))); 
for block=2:length(startRow) 
    [~, ~, tmpRawBlock] = xlsread(workbookFile, sheetName, 
sprintf('A%d:F%d',startRow(block),endRow(block))); 
    raw = [raw;tmpRawBlock]; %#ok<AGROW> 
end 
raw(cellfun(@(x) ~isempty(x) && isnumeric(x) && isnan(x),raw)) = {''}; 
cellVectors = raw(:,2); 
raw = raw(:,[1,3,4,5,6]); 
  
%% Create output variable 
I = cellfun(@(x) ischar(x), raw); 
raw(I) = {NaN}; 
data = reshape([raw{:}],size(raw)); 
  
%% Create table 
tableout = table; 
  
%% Allocate imported array to column variable names 
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tableout.Scan = data(:,1); 
tableout.Time = cellVectors(:,1); 
tableout.BOPsweepVVDC = data(:,2); 
tableout.Alarm101 = data(:,3); 
tableout.RPAplateIVDC = data(:,4); 
tableout.Alarm112 = data(:,5); 
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Appendix B: RPA I-V traces for different positions 
 The following plots show the raw I-V traces for varying the physical position of the RPA 
inside the chamber.  Plots are divided into groups by axial distance z, where each plot in a group 
corresponds to a different inner IEC grid voltage.  For the analyses of these results, see Section 
5.3.5. 
RPA at z = 11 cm 
 
 
  
126 
 
RPA at z = 20 cm 
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RPA at z = 29 cm 
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Appendix C: Torsional balance part drawings 
Drawings are provided here for reference.  It should be noted (and obvious to the reader) 
that the part drawings were not professionally created; they were made “good enough” for part 
fabrication.  Additionally, some further changes of designs were likely done after talking with 
machinists, and these features were sometimes not updated on the drawings.  Therefore, these 
drawings are mainly here as a starting point for future users wishing to reference this design. 
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